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SYNOPSIS 
The tests reported herein were perf~ed to provide informa-
tion on the general behavior of large truss-type riveted steel 
connections 0 The variables of the test program included spe~imen 
configuration, method of hole preparation, and size of rivets. A 
study is ms..de of the comparative behavior of the spec:i.mens, the 
::'istribution of load to the gusset plates, the strains in the lacing 
bars, the effect of hole preparation, a~ the predicted and computed 
e~~iciencies of the connectionse 
mrRODUCTION 
Research on riveted joints bas been conducted for more than 
a centu--y; nevertheless, many of the problems investigated have never 
been completely answered. The emphasis of past research bas been 
'*'- Research Associate in Civil Engineering, University of illinois 
** Research Professor of Civil Engineering, University of illinois 
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on flat plate joints, probably reflecting largely the past, but 
declining, importance of riveted joints in vessels, ianks,'ana 
boilers. In the last ba.lf' century, the use of long-span bridges and 
the construction of many tall buildings have brought large built-up 
members to new importa.nceo Yet, a review of the literature (1)*** 
yields little data on tension tests of full-size truss-type members, 
although a small number of studies have been made on gusset pJ..ates~ 
columns, and some few related structural components such as angles, 
lug angles, tie plates, etc. General.ly, these latter tests were 
limited :in scope and involved but :few specimens. Since 1945, 
occasional tests of large tension,members have been made; however, 
they included only several specimens of slinilar size and shape, and 
often were limited to or principally concerned with the behavior of 
the recently developed high-strength boltso 
Flat plate joints are sometiInes referred to as nsi.ngle plane 
members. f1 That is, members in which the loads on the fasteners are 
applied ~ one plane; O~, in the case of double lap 'joints~ the loads 
on the fa.steners are applied in two planes separated only by one or 
more thicknesses o~ material, a. distance which_ is usually small 
relative to the width of the jointo In contrast to single plane 
members, we may describe many large truss members in general use 
today as "double plane members." That is, members in which the loads 
*** Numbers in parentheses indicate reference number in the 
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are applied through gussets in two planes separated by a distance 
which is often equal to or exceeds the width of the joint. 
The purpose of this investigation was to examine the 
behavior, up to failure, of full-size truss-type members subjected 
to static tensile loads. Since the specimens were tested in 
duplicate~ the sixteen specimens tested represent eight variations. 
These variations include five distinct specimen patterns for which 
the rivet holes were drilled plus thr.ee of these same specimen 
patterns for which the rivet holes were punched. 
Fabrication and Description of Specimens 
The mater~l for these specimens was ordered in accordance 
with P.illM Designation ~7. (2) The gusset plates were cut from hot 
rolled sheaxed plates 40 ,a x 1/2", the web plates and battens (or 
tie plates) were cut from universal mill plates 1611 x 1/2" and the 
lac ing bars were sheared from 1/4" plate. The angle stock cons isted 
of 3 1/2" x 3 1/211 X 7/16 ft :ma.teria1 in 22' _6 n lengths, 5" x 3" x 
3/S fJ angles 341 _Ou long, and 5" X 5!~ X 3/8" angles, 30' _on long .. 
All material was carefully identified and cut in the shops 
of the University of Illinois. The batten plates and/or web plates 
for a given specimen came fram the same piece of plate; similarly, 
without exception~ all four angles for any given specimen were cut 
from a single length. Coupons were taken f'rom app:roxilIla tely the 
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mid-length of each piece of stock which would comprise part of the 
critical section of the specimens. In general, the plate material 
was flame-cut to final dimensions; the angles were generally saw-
cut to length. 
One of the principal variables of these tests was the 
method of hole preparation. In order to reduce to a minimum the 
variations resulting from fabrication, all pieces for the drilled 
specimens were match drilled and fitted up completely in the 
University shop_ 
Punched specimens were fabricated in the following manner. 
The plates were laid out in the University shop and center punched. 
These were then punched full size at the shops of the fabricator, 
using a conventional punching :n:e.chine. The angles for the punched 
specimens, baving been cut at the University, were set up and 
caref'ully punched on a standard spacing table at the fabricator's 
shop 0 Since these angles had been laid out earlier by the 
University shop, the stops or settings of' the spacing table were 
checked in a "dry-run" before actual punching begano The use of' 
these procedures resulted in uniform spacing and constant gage 
distances. In driying the more than 1500 rivets, only nine holes 
required reaming. However, re8JIl.ing did not appear to reduce the 
strength of the specimens involved since the f'ailures did not occur 
at those joints in which the rivet holes had been reamed. 
All rivets were from the stock of the fabricator, and of 
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AS1M Al41 (3) designation with cold formed heads. The length 
required for ~he rivets was determined by the. rivet gang foreman 
in the usual shop fashion. New kegs of rivets were opened and used 
for these specimens and four sample rivets of each diameter and 
length were set aside for laboratory testing. The 3/4-in. rivets 
in Specimens ADl and AD2 were all hand driven. The 7/8 in. rivets 
for the tie plates and laCing bars of Specimens DDI and DD2 were 
also band driven. Without exception, all other rivets \V'ere 
machine driven in both the punched and the drilled specimens. 
There were five basic specimen types, designated alphabetic-
ally A through E. These basic types were designed to give as great 
a range of predicted efficiencies as was possible with the usual 
specification requirements of gage distances, (except for the type 
D specimens), edge distances, spacing, etc. A marking system was 
used which identified each piece of material by specimen type, 
method of hole preparation, specimen number, and final location in 
a specimen. This permitted each piece to be followed from the 
original length of stock to the assembled specimeno All drilled 
specimens are identified by a Un'l follovTing the specimen type 
designation; the punched specimens are designated by a rtp"" 
Since each specimen type was tested in duplicate, the first and 
second specimens are designated 1 and 2, respectively. Thus J BDl 
Signifies the number one specimen of type B, prepared by drilling, 
and DP2, the second punched specimen of type D. Details of the 
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spec imens may be obtained f'rom Figs. 1 through 5 and Table 1. 
Mechanical Properties of' Materials 
Coupons from the materials were machined to a 1 1/2 in. 
width and to a standard 8 in. gage length. (4 f B_oth"$urface$" of 
coupons from the junction of the legs of an angle were machined 
to provide parallel surfaces. All other coupons were tested with 
the flat surfaces in the "as-rolled" condition. Every coupon was 
carefully marked to identify its original position and its related 
specimen. Since all angles of a given size were from the same heat, 
coupons were taken from the toe, center, and fillet positions of 
each leg of one length of stock. Only two coupons, one from the 
center of each leg were taken fram other lengths of angles. Two 
to fiVe coupons were tested from each of the variou~ pieces of 
plate stock. 
The average mechanical properties of the coupons are 
listed in Table 2; the chemical composition and mechanical properties 
from mill reports for the angles and the plate material are listed 
in Table 3. 
It will be noted from Table 2 that most of the material 
for these specimens met the requirements of ASrM A7, (2) although 
some of the plate material ran as low as 58,000 psi ultimate, or 
about 3 per cent lower than. the 60,000 psi required. AJ.J. coupons 
met the min:inrum yield requixement of 33,000 psi, and. also the 
requirements for elongation .. " 
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The information obtained from the coupons provided a 
means of checking the actual dimensions of the "truss-type specimens 
also. By taking the thicknesses of the unmachined coupons and 
averaging them for a given member, it was possible to compute the 
areas of those members 
the AISC handboOk.(5) 
for comparison with the areas obtained from 
On this basis, it was found that the measured 
areas of the specimens tended to be about 99 per cent of the handbook 
areas. Individual specimens were as low as 97.5 per cent, and as 
high as 100.3 per cent, as shown in Table 1. Such a range is within 
the: 205 per cent allowed by ABTM and AlEC specifications.(5)(6) 
The measured area was used only in the calculation of test effiCiencies; 
all other references to area will be to the handbook or nominal areas. 
The four samples of each rivet length-diameter combination 
were tested in shear and tension. The results of the tests are 
shown in Table 4. The average shear strength of the 3/4-mo rivets 
exceeded that of the 7/8-in. rivets by almost 10 per cent. The 
ultimate tensile strengths of these rivets were generally higher than 
those specified by ~MAl41-39;(3) however, that specification 
governs the properties of the "as-rolled" bars and not the manufactured 
rivets which were tested. 
Instrumentation and Equipment 
All sixteen specimens bad simi] ar instrumentation, involving 
mechanical dials, electric strain gages, and a qualitative visual 
indicator of the extent of yielding. 
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The mechanical dials had 0.001 in. divisions and a range 
of 1 in., and were used in the following ways: (1) "to indicate the 
overall deformation of the specimen and joint; (2) to measure the 
relative movement of the gusset plates and angles at the critical 
sections or first rows of rivets in the joints; and (3) to indicate 
the relative movement of the angles and gussets at the last row of 
rivets in the joints. M=cbanical dial locations can be seen in 
FigsD 1 through 5. 
The electric strain gages were SR-4 (type A-l, 13/16 ino 
long) wire resistance gages. These were placed on the various 
specimens as shown in Figso 1 through 5, and were used to give 
comparative strains in the angles, lacing bars}' and web plates of 
the memberso To determine the load distribution to the members, 
three pairs of gages were placed on each of the four pull plates 
(plates to which the gussets were welded)o The gages, one on 
either side of the pull plate, gave average strains at the gage 
locations and 'Were used to evaluate the Ill9.gnitude of the load in 
the gusset plates. strain gage locations were chosen with the 
intent of obtaining the most representative measurements with the 
least number of gages. 
The procedure of whitewashing the specimens provided a 
simple means of indicating where yield patterns (shear lines or 
Luder f s bands) formed in the spec imens ., The whitewash spalled off 
the sur~aces of the specimens with the mill scale as yielding took 
place. 
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DESCRlPTION OF TESrS 
The specimens were tested in the 3,OOO,OOO-lb. Southwark-
Emery Tatnall testing machine (Fig: 6) in Talbot Laboratory at the 
University of IllinoisD The gusset plates of all specimens were 
welded to the pull plates of the test fixtures with fillet welds. 
A consistent welding procedure was followed for all specimens to 
minimize the secondary effects of the welding and to keep them the 
same from one specimen to the next. When it was observed that most 
of the first eight specimens tested broke on the east side, it was 
decided to rotate the next group of eight duplicate specimens 180 
degreeso However, the welding sequence was not changed. In spite 
of this change in orientation, most of the second group of specimens 
also failed on the east side possibly because of a peculiarity of 
the testing machine. It appeared that the sequence of welding did 
not affect the behavior of the members. A£ter a test, the pull 
plates were flame cut just beyond the welds, thus removing 
approximately 1 1/2 in. from the pull plates for each specimen 
testedo 
The specimens were tested t9 ultimate load in about fifteen 
load incrementso The strain gages and deformation dials were ~ead 
~ediately after each load increment had been applied but while the 
load was maintained constant. 
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Each test will now be described briefly.. In this paper, 
a tJrow of rivetsf1 signifies those rivets in a direction perpendicular 
to the axis of loading, and a "line of rivets" refers to rivets 
parallel to the axis of loading. Unless otherwise specified, the 
order of the rivet rows refers to the member itself; ioee, the 
first row of rivets in a joint is the one at the net section of 
the member~ or it is the first row of rivets nearest the mid-length 
of the specimeno Similarly, the last row of rivets is that farthest 
from the mid-length of the specimeno 
Type A Specimens 
Bec~use or the unexpected failures of these two specimens, 
their tests are described rather fullyo The specimen details are 
Shovffi in Figo 1; the cross section may be described as a double 
chaLDnel or box se~~ioDo 
Specimen Affio During the test of AnI, the flaking of 
whitewash of the lower east gusset around and below the last row 
rivets~ at 400;000 lbo~ indicated the initiation of yielding in the 
member 0 At 700,000 Ibo (25,500 psi on gross area).9 the first LUderis 
lines appeared Lnslde the east web at the first row rivets~ and at 
1,155~OOO lbo the entire lower east joint failed suddenly in shearo 
This maximum load is equivalent to 57,100 psi on the net section, 
42,000 psi on the gross section, and a nominal average rivet shear 
of' 37 ~300 psio 
II 
The sheared rivets were then removed from the lower jOint 
and the connection was bolted with high strength (ASrM A32S(7)) 
bolts at a torque of about 370 ft-lbe When the bolts were installed, 
it was noticed that the east gusset had necked down considerably at 
the center of the last row of holes. 
With the lower joints bolted and the upper joints still 
fastened with the orig~l rivets, a second test was conducted. 
Failure began by the tearing of the lower east gusset followed by 
a similar rupture of the lower west gusset. Both tears then propagated 
simultaneously until the east gusset bad torn to an edge. Prior to 
failure, five bolts on the west side and two on the east side sheared 
as shown in Figso 7 and 80 The exact order in which these bolts 
failed is not known; however, the a.pprox:ilnate order is marked in the 
f'igureso The max:iJ:num load. was 1,235,000 lbo (61,000 psi on net 
section and 44,900 -psi on gross area), thus, the rivets in the upper 
joint withstood ~ nominal average shearing stress. of 39,900 pSi. 
without failing. 
Specimen AD2. Both lower gussets of Specimen AD2 showed 
signs of yielding ·at 400,000 Ibo as the ~itewash spalled off around 
the last rows of rivetso Under a load of 500,000 lb. (18,200 psi on 
g+oss section), LUQerts bands developed on the east web at the first. 
row rivets~ and 100,000 lb. later, both web plates had yielded at 
the net section .. 
4t e. n:ax;iImllIl, loa~:t of 1,~90,000 Ib~ (58,800 psi op net area, 
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43,300 psi on gross section, and nominal avera.ge shear of 38,500 
psi), the outer lines of rivets in the lower east gusset sheared 
suddenly and the loa.d dropped to 400,000 lb. Since the gusset was 
still attached to the web by the three inner lines of rivets, the 
member continued to carry load until, at 940,000 lb., the east web 
tore at the first row rivets as shown in Fig. 9. An indication of 
the extent of yielding of the lower west gusset at failure can be 
seen in Fig. 10. Note that the relative movement of web and gusset 
amounted to about 1/2 in. This figure also shows the areas of 
~ .. 
strain concentration in the gusset and the high load transfer which 
took place in the first row rivets and the outer lines of rivets. 
This was typical of both A specimens. 
Type B Spec imens 
The B type specimens, being of a "laced-I" configuration 
(of which there were also two other groups of more-or-less the same 
pattern), may be thought of as representative of all the laced 
specimens. The first specimen to be tested in the entire program 
was Bne, and in this test, extensive photographs were made of the 
progress of yielding as depicted by the LUderts bands in the white-
wash. Because such yielding was typical of specimen types B, D, and 
E and because of the more thorough pictoral coverage, the test of 
Specimen BD2 will be discussed somewhat more fully than the tests 
of the similar members. Details of the type B specip1ens are shown 
in Fig. 2. 
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Specimen BD2~ The formation of wder's lines on Specimen 
:8D2 is recorded pictorially in Figs. II through 14. 
As the load reached 3506000.l.b. (30;1600 psi on gross section), 
Luder1 s lines· appeared in the ~es at the first row rivets. When 
the load was raised to 390-,000 lb. $ tbe whitewash began to spall off 
the outstanding (5 in.) legs of the angles at a lacing rivet as shown 
in Fig. li. (Position of LUder's lines are noted by arrows). At 
410,000 lb., the yl.e~d bands were pronounced on the outstanding legs 
of the angles opposite all the laCing-rivets as illustrated in Fig~ 
12. At 475,000 1b.~ it was noted that the heel of' the angles (see 
arrow in Fig4 13) had pulled away from the gusset plates 1/8 in. to 
2/4 in. This beb.an~r was ~""pical of that noted. in the tests of' all 
the 1aced-I and solid-I spec:il:nens. At 500,.000 lb. (58,000 psi on 
net section, 43 7700 psi on gross section and nominal average shear 
stress of 34-·.1700 psi), the specimen failed. on tbe ea.st side at the 
top lacing rivet ~s shewn in Figo 14.. T'ne toes of the inside legs 
of the west angles also r~ptured at the center lacing rivet, 
prcxluc ing, so-to-speak, a seco!ld.al-j' failure.. This secondary failure 
\laS at a. ?Oint o.f high localized stress produced by the lacing bars, 
which bent the angles or ":pinched. them in" in the IIaDIler similar to 
that shown in Fig. 15 ror Specimen BP10 In addition, it was noted 
that a nneckiDg downfB had occurred at.:the net section of the co~· 
nectioz; as well as at the other lacirig rivets.. This, too, was 
characteristic of all the laced specimenso 
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Specimen BDl. Yield patterns appeared at the first row 
rivets of the east angles of BDi when a load of 250,000 lb. (21,900 
psi on gross area) was reached. At a maximum load of 498,000 lb. 
(57,800 psi on net section, 43,500 psi on gross section, and a 
nominal average shear stress of 34,500 psi), the toes of the east 
angle started to tear at the center lacing rivet. As the load slowly 
dropped, fractures appeared through the toes of the 3-in. legs of 
the west angles also. In the meantime, the fractures in the east 
angles had spread through the 3-ino legs and across the 5-in.. legs. 
The primary fracture can be seen in Fig. 16; the secondary fracture 
was similar to that shown in Fig. 15. 
Specimen :BPI. At a load of 300,000 lb. (26,200 psi on 
gross section), the first lllder's bands on Specimen BPI were apparent 
on the inside of the east· angles at the first row rivets. The 
specimen reached a maximum load of 462;000 lb. (53,600 psi on net 
section" 40,400 psi on gross area, and a nominaJ. average shear stress 
of 32,000 psi), at which time failure occurred at the toe of an east 
angle at the center lacing rivet, followed by a tearing of the toe 
of a west angle at the top la.cing rivet. Although tears were 
apparent in all the angles, final fracture occurred in the west 
angles at the top lacing rivet in a manner simjlar to that shown in 
Fig. 14. The secondary failure in the ea.st angles may be seen in 
Fig. 15. Even though the east side of this spec~en .was more highly 
strained initially and failure was initiated on the east side, the 
principal failure occurred on the west side of the spec men. 
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Spec imen BP2. The west angles of BP2 began to yield at 
the first row rivets at about 325,000 lb. (28,400 psi on gross 
section). By 410,000 lb., the east angles exhibited :alder's lines 
originating at the lacing rivets, and at 425,000 lb. the west 
angles showed similar yielding. When a maximum load of 458,000 lb. 
(53,100 psi on net section, 40,000 psi on gross section and a 
nominal average shear stress of. 31,700 psi) was reached, the east 
angles failed as shown in Fig.. 17. AJ. though of the same general 
character and at a:Pl?!"oximately the same ultimate load as the other 
B specimens, the f'ailure was unusual in that the southeast angle 
ruptured at the lower lacing rivet and the nort~east angle ruptured 
at the "Llpper lacing rivet. At the center lacing rivet in the west 
angles, the toes rupt~ed :Ln a second!LVY failure s:i.m.i1ar to that 
sho\olIl in F:'go l5c 
Type C Specimens 
The C specimens were of the "solid-IQq type and are ill.us-
tratee.. II Fig .. 30 Both thes~ spec:imens f'aD:ed at the net sections 
and m a like m.nner 0 
Specimen CDlo The lower east gusset of Specimen em. began 
to yield at the last row rivets at a. load of 300,000 lbo However, 
it was not until the load had reached 550,000 lb. (26,300 psi on 
gross section) that the east angles gave an indication of yielding 
at the net section. Abou.t 50~OOO lbo later, the east edge o:f the 
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web developed LUder's lines at the first row rivets, and at 650,000 
lb. the web and inner legs of the east angles showed"yield bands in 
the whitewash at the stitch rivets. The specimen failed at ,a 
max~ load of 812,000 lb. (55,800 psi on net section, 44,900 psi 
on gross area and a nominal average shear stress of 36,300 psi). 
~ 
Final failure occurred at the net section at the lower east side as 
shown in Fig. 18. It is interesting to note the necking down of 
the angles a.t ea.ch stitch rivet (see arrow in Fig., 18). In 
addition, a similar yielding was noted in the web at each of the 
stitch rivets. 
Specimen CD2. At a load of 300,000 lb., Luder's lines 
developed on the lower gusset plates of SpecimenCD2 at the last 
row of rivets, and by 500,000 lb. (25,700 psi on gross section), 
the outstanding legs of the angles had yielded at the first three 
rows of rivets. At 650,000 lbo, first signs were noticed of the 
spalling of whitewash on the web. The roo.x:imum load of 902,000 lb. 
(57,700 psi on net sec,tion, 46,400 psi on gross section and a 
nominal average shear stress of 37 ,500 psi) produced the primary 
failure at the top west net section in a manner similar to that 
shown in Fig. 18. A secondary failure occurred at the toes of the 
east angles at the lower net section. 
Type D §pecimens 
The type D specimens were of the "laced-I" design shown 
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in Figo 40 These members bad the same size angles as the type B 
specimens; however, the section at the lacing rivets tended to be 
less im,portantas points of stress concentration, because the D 
specimens were prepared with a smaller net area. 
Specimen DDl. At a load of 250,000 lb. on Specimen DDl 
(2l,900 psi on gross section), Lunerts lines appeared at the first 
row rivets of the southeast angleo When the load reached 410,000 
Ib 0, yield bands became evident o~ the angles at the lacing rivets .. 
The nax:Lmum load. for failure was 450,000 lbo (62,500 psi on net 
section, 39,300 psi on gross section and a nominal average shear 
stress of 37,400 psi) with the primary failure occurring at the top 
west and a. secowiary (or partial) failure occurring in the net 
section at the lower east side of the member. 
At the point --bf' primary failure, an unusual break occurred: 
the rupture of the south't~es.J'G azlgle passed through the two rivet holes 
in the outstanding leg ~d then to the second rivet at the batten 
plate but dici not tear completely tbrough the angle; instead, the 
toe of the inner leg of the angle. tore at· the ~irst rivet. This may 
be seen in Fig. 190 T'ne northwest angle, however, tore through the 
two rivets in the outs~ing leg and through the ~irst batten rivet 
as shown in Fig.. 20. 
Specimen D1l2o The angles of Specimen DD2 showed i'irst 
LUderts lines o~ yield bands at the toe near the first row rivets 
when the load reached about 300,9000 lbo- (26,200 p_si on gross area). 
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When the load was raised to 400 ,000 lb., the east angles develo:ped 
Luder's bands at the lacing rivets. A maximum load of 444,000 lb. 
(61,700 psi on net section, 38,800 psi on gross area, and a nominal 
~verage shear stress of 36,900 :psi) was reached. At this load, the 
east angles failed through the lower net section in a manner similar 
to that shown in Fig. 20. 
Specimen DPl. The lower east gusset of Specimen DP1 
began showing Wder 1 s bands or yield lines in the whitewash at 
275,000 lb. When the load was raised to 300,000 lb. (26,200 :psi 
on· gross section), the outstanding legs of the east angles developed 
yield patterns at the net section. The maximum load was 439,000 10. 
(61,000 psi on net section, 38,400 psi on gross section and a nominal 
average shear stress of 36,500 psi) and rupture occurred at the lower 
east joint in a manner s~ar to that shown in Fig. 19. 
Specimen DP2. By 300,000 lb. (26,200 psi on gross section), 
:plastic flow of' the angles beneath the first row rivets was apparent 
in Specimen DP2.. LUder's lines developed in the angles at the lacing 
rivets at 400,000 lb. The maximum load reached was 449,000 lb. 
(62,400 psi on net section, 39,200 psi on gross section and a nominal 
average shear stress of 37,300 psi), when the top west angles 
ruptured at the toe. As the load dropped, the lower east joint 
began to tear and final failure was through the net section at the 
lower east side in a nanner similar to that shown in Fig .. 20.. It 
is of particular interest to note that the seconda:,Y (or·partial) 
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failure actua1J.y occlL-rred first. 
Type E Spec imens 
The type E specimens were also of the "laced-I" 
configuration but of' 5" x 5" x 3/8" angles. Details of' this 
specm.en type are shown :in Fig. 5. Because of' the marked 
differences in behavior between "the drilled and punched specimens, 
and because of' the repeated tests which had to be made on the 
drilled specimens bei'ore final failure, the tests of this group 
of specimens will be described in somewhat greater detail. 
Soecimen EDl. Three tests were conducted on Specimen EDl. 
In the ~irst of these tests, when the load had reached 250,000 lbo, 
Luder 1 s bands appeared OD the lower eas'c gusset at the last row of 
rivets 0 By 500,000 lbo (34,600 psi on gross section)~ yielding was 
evident at the first row rivets of the east angles. The maximum 
load was 722,000 lbo (60,500 psi on net section, 50,000 psi on gross 
section)~ a.t which poi.nt the load began to drop. At about 6903000 
lb., the specimen sudde~ failed by shearing all rivets of the 
lower east gusset. The :nominal average maximum shear on the rivets 
had been 40,860 psi. 
The lower west rivet heads were cut of~ and the rivets were 
driven out so that boJ~ lower gussets could be reconnected using 
high strength (ASl'M A325(7) bolts installed by torque-wrench at 
370 ft-lbe or more. With the lower jOint so bolted, the second test 
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was run on S:pecimen Effi. At about 625,000 lb. both first row bolts 
on the east side sheared off. When the load reached· 762,000 lb. 
(about 63,800 psi on net section, 52,800 psi on gross section), 
the upper west gusset suddenly sheared all rivets. This occurred 
at a nominal average shearing stress of 43,100 psi on the rivets. 
Again, the heads of the remaining rivets were cut off 
and the rivets were replaced with high strength bolts. The two 
bolts which sheared in the lower east gusset during the second test 
were not replaced since, to do so, considerable reaming would have 
been necessary. With both jOints bolted, a third test was run. The 
maximum. load was 811,000 lb. (67,900 psi on net section, 56,200 psi 
on gross section and a nominal average shear stress of 45,900 psi), 
and the tension failure occurred on the lower east side at the 
seCond TOW rivet holes (first bolts) in the outstanding legs and 
through the first batten rivet as shown in Fig. 21. 
Specimen ED2. Specimen ED2 req,uired four tests. At 500,000 
lb. (34,600 psi on gross section) during the first test, faint 
LUder's lines ~ere noticed at the first row rivets on the angles. 
Ey about 600,000 lb. yield bands had appeared at the lacing rivets. 
The l~ was increased in steps to 700,000 lb. (58,600 psi on net 
section, 48,500 psi on gross section) at which point the usual 
readings and a feT,l photographs were taken. After dropping the load 
to 600,000 lb. to permit sa.:fe removal of the gages, the specimen 
failed in shear, as it was reloaded, at 698,000 lb. (5~,500 psi on 
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net section and 48,300 psi on gross section). At 700,000 lb., the 
average nominal shear stress on the rivets bad been 39,600 psi. 
For the second test, the rivets in the lower gussets were 
replaced with common bolts which were torqued to relatively high 
tensions 0 These bolts bad an average ultimate strength of 66,230 
psi on the mean root area~ The two first row bolts in the east 
angles sheared at 525,000 lb. and at 618,000 lb. When the load 
reached 625,000 lb., the second row bolts in the east angles 
sheared. This was promptly .followed by a shearing of all the 
bolts :in the bottom east jOint. 
For the third test, the lower jOint was welded with full 
length fillet welds along the toes and across the ends of the 
angles; no weld was placed across the edge of the gusset near the 
:first row holeSe The -f'itting up bolts were left in placeo As the 
load reached 774,000 lb~ (64,800 psi on net section, 53,600 psi on 
gross section)~ the rivets sheared at the top east gusset at a 
nominal average shear stress of 43,800 psi. An indication of the 
relative shear defo-~tion in the rivets and bolts along the 
length of this member may be seen in Fig. 220 It is readily 
apparent that the .fasteners in the first rows withstood extremely 
large distortions without .failing and that the deformations along 
the line of rivets were far :from uniform. In addition, a slight 
necking of the angles at the first row was apparento 
As had. been the case for the lower joint, the upper joint 
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was welded. The specimen was tested a fourth time, and .failUre 
occurred by tearing of the angles at the ends of the weld at the 
lower east joint at a load of 796,000 lb. (66,700 psi on net 
section, 55,100 psi on gross section). 
Specimen EPI. As the total load on Specimen EPl 
approached 450,000 lb. (31,200 psi on gross section), LUder's 
lines indicated yielding at the first row rivets of the east 
angles. Yield bands appeared around the lacing rivets on the 
inside legs of the angles at 500,000 lb. The maximum load obtained 
was 738,000 lb. (61,800 psi on net section, 51,100.) psi on gross 
section and a nominal average shear stress of 41,800 psi), at 
which time the toes of the east angles ruptured at the first row 
as ShOiffi in Fig. 23. A secondary failure was found to have 
started at a rivet in a west~angle at the top joint. 
Specimen EP2. As a. load of 550,000 lb. (38,100 psi on 
gross section) was reached on ~ecimen ~, LUderts bands were 
noted at the last row rivets of the gussets and at the first row 
rivets of the angles indicating balanced yielding in the member. 
At 600,000 lb., signs of yielding were evident around the ,lacing 
rivets. The maximum load reached was 733,000 lb. (61,400 psi on 
net section, 50,800 psi on gross section and a nominal average 
shear stress of 41,500 psi) and failure occurred, through the net 
section at the lower east gusset in a manner similar to that 
shown ;n Fig. 23. 
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RESULTS AND ANALYSIS OF TESTS 
Table 1 lists the areas and properties of' the various 
specilIlens and Table 5 shows the ult:iInate loads, type and location 
of' the failures, and specilIlen efficiencies. 
Because of' the more general usage of stresses rather than 
strains, the strain data. obtained in these tests is presented in 
terms of stress. Such an analysis nru.st, of course, be limited to 
the range of loads for which stress is proportional to strain.. It 
is hoped that this method of presenting strains in terms of a stress 
level will give the reader a clearer picture of the behavior of the 
members. However, it must be kept in mind that a stress obtained 
in this way represents only the stress in the member at the gage 
location, just as the recorded strain can only represent the strain 
at that gage location. 
Distribution of Load to Pull Plates 
The load in each of the pull plates was computed by 
assuming a parabolic strain distribution to determine an average 
strain and by using a MOdulus of Iaasticity, E, of 30,000,000 psi. 
The loads for both pull plates at the top and bottom could 
thus be computed, and a check made of the actual load applied to 
the specimen. By a comparison at one end, of the load on one plate 
to the total load carried by both plates, the per cent of load in 
each gusset plate was obtained. The distribution of' load to the pull 
plates, as obtained in this manner, is shown in Figs. 24 through 31. 
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In these figures~ the average stress on the gross section 
and the total. load is plotted against per cent of load in the pull 
plates. The ultimate load is also shown, as is the manner of 
failure. nom these plots:1 it can be' seen that near the ultimate 
loads the load distribution to all four gussets had approached 50 
per cent. None had a distribution more than 5'per cent different, 
despite highly unequal distributions at earlier loads. For this 
reason, it is felt that the ultimate. loads obtained in these tests 
were independent of the variations in load distribution during the 
early stages of the tests. However,:.it is reasonable to surmise, 
from a study of these plots and other data.", that the earlier in-
equality of load dis~ribution may have increased the deformation 
of one s ide of the spec imen over the" other s ide and thus may have 
had an effect on the point of failure. 
With but few exceptions,. the'point of ~ailure (east or 
west, top or bottom) can be predicted from the plots of load 
distribution. Specimen BPI, Fig. 26,: failed on the west side 
despite the heavy initial loading of.the east' gussets. At the 
loads near ultimate, it is seen that the west gussets, particularly 
the top west, carried an increasing share of the load, and the 
top west gusset finally took more than half the load. Although 
the priJ:n!u"y failure occurred on the west side, we find from the 
test description that the east side actually did rupture first. 
Thus, this exception certainlY is not'in disagreement with the 
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correlation noted between the location of failure and the initial 
load distribution in the gussets. 
Specimen CD2, Fig .. 27, also failed at the top west joint 
despite higher loads in the east gussets. Though it is not known 
which rupture occurred first, this specimen exhibited a priIDary 
failure at the to]? west and a secoD.d.5.ry failure at the bottom ea.sto 
Spec imen DDl, Fig. 28, also appears to be an exceptioDo 
However, again we find that this specimen failed at two points: 
the primary failure was at the top west, following the indication 
of Fig. 28 where at about 350,000 lb. the west was carrying a 
higher percentage of the load near ultimate; the secondary failure 
occurred at the bottom east~ reflecting the effect of the general 
tendency for the bottom east to carry a large portion of the load 
during most of the testo It is believed that the in~ttal appearance 
of compression in the top east gusset of this specimen was partia.J..J.y 
a result of the ~er o~ specimen installation and partially a 
=esult o~ the insensitivity of the measurements at the lower loadso 
Load-strain Relationshius 
An appreciation of the fact that the use of "stress" in 
this section means the stress at the gage point and not an average 
stress is important to an understanding of the following discussion 
which has been divided into three groups. First, th~ type A 
speciJ:n.ens will be considered; second, the type C specimens; and 
fina.lly, the laced members, types B," D, and "Eo? will be analyzed. 
Type A Specimens. The stresses in the angles of ADl, at the 
four strain gage locations, are s~ized in the f'ollowing 
tabulation: 
Load Av. Stress, 1000 pSi, in the Angles1 Ratio, Av. 
in Str.ess on Based on the Measured Strafus ~as. 
Gross Area stress 
1000 1000 Gage Sl Gage 52 Gage 83 Gage s4 East 1000 
lb. psi SW NW NE SE West psi 
50 ~.82' 1·5 1·5 2.1. '2·7 1.60 1095 
100 3.64 2·5 3.0 4.5 5·1 1·75 3·77 
200 7.28 5.7 6.0 8.1 9.6 1·51 7·10 
300 10.92 8.7 9.3 12.6 14.1 1.48 11.17 
400 14.56 12.0 l2.6 16.8 18.6 i.44 15·00 
500 18.18 15·3 16.5 2l.3 23.4 1.41 19·12 
Av~-. 1.053 
From the above data" it nay be seen that both of the east angles 
have higher stresses than do the west angles. This is a.s should 
be expected t'rom the load distribution shown in Fig. 24 wherem, 
up to about 600,000 lb .. , the east pu.l1 plates carried a.bout 60 per 
cent o:f the load, or about one and a hal.:f' times the load in the 
west plates. This same relative distribution is evident in the 
angle stresses.' 
Since the £lour a.ngles were not equally strained, the 
batten plates and webs connecting them must have developed shears 
and thus introduced additional secondary stresses in the specimen. 
If the difference in total. load between the east (60 per cent) 
and the west (40 per cent) sides of' the specimen were assumed to 
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be taken by the batten plates only, at 500,000 .lb. the 100,000 lb. 
total shear would be distributed to the four batten plates giving 
a computed unit shear of less than 4500 psi. However, the distribution 
of' load. to the two sides of the specimen became more nearly e~ual 
at loads approaching ultiIm.te, so that the shear on the ba.ttens did 
not increase proportionately with the load. From a similar 
inspection of the differences in strain and the relative areas 
involved, the unit shearing stresses in the webs would probably 
be 1/5 to 1/10 of that· in the batten plates, and thus of little 
significance. 
The strain data for the angles of Specimen AI12., shown in 
the following tabulation, reveal that the northeast angle was the 
most highly stressed, whereas the other three angles appear to be 
about eq~lly stressed {or stra5~ed)o 
AlJGLE S'.I'RESSES, AD2 
Load A-I. ~~ess, 1000 psi, in the Angles, Ratio, Av. 
iD stress on Based on the ~asured strains Mease 
Gross Area. stress 
1000 1000 Gage SJ. Ga,ge S2 Ge.ge S3 Gage s4 East 1000 
lb. psi NE SE SW NW West psi 
50 1.82 2.1 2 .. 1 108 1.8 1.17 1·95 
100 3.64 1;.·5 4.0 3.6 3 .. 6 1018 3·92 
200 7.28 8·7 7·5 765 7·5 1008 7·80 
300 10·92 13·2 1l.1 11 .. 7 11.4 1005 ll.85 
400 14.56 17.4 l5·0 15.6 15.3 1.08 l5 0 82 
500 18.18 22.2 18 .. 9 19.5 1908 1 .. 05 20.10 
This is :further substantiated by Fig. 24 which shows that the loads 
in all pull plates of AD2 were about equal.. As a result, the shears 
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in the ba.ttens and 'feb plates caused by the unequal distribution 
of strains in the angles of this specimen will be of even smaller 
consequence than those in ~ecimen AIQ. 
An inspection of the strains in the web plates of both 
A specimens showed that very little bending occurred in these plates 
at mid-length. Since the strains on both sides of the web plates 
were similar at a given load, strains at the center of each web 
plate have been averaged and converted to a stress at that pointo 
These web stresses are as follows: 
WEB s:rBESSES AT CENtER OF WEB 
MSIi'Il ON AVEBAGE MEASURED srRAINS 
Load Average Average Spec imen ADl Spec imen AD2 
in stress on Stress on stress, Stress, Gross Net Section 1000 psi 1000 psi 
Area at Center East West East West 
1000 1000 1000 s6+S3 S5+51 S5+S7 s6+S8 
lb. psi psi 2 2 2 2 
50 1.82 2.04 3.6 1.6 3.3 2.3 
100 3.64 4 .. 09 6.5 3·5 5·7 4.0 
200 7·28 8.18 12.2 7·2 10.8 8.4 
300 10·92 l2.27 18.2 lio3 l5.6 l3.5 
400 14.56 16.36 24.0 15·9 20.4 lB.o 
500 18.18 20.45 29·7 20·5 25.4 22.B 
At first glance, this tabulation seems to show that the 
webs of these box members tended to be over 100 per cent e~ficient, 
i.e., carry a higher stress (or share of the total load) than would 
be expected from the average stress on the net section of the 
specimen at that gage location. This appearance is due to the 
uneven distribution of stress to the webs and angles. However, it 
is reasonable to expect that the web efficiency of these box members 
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would be greater than that of I-beam webs, (8) because of the direct 
transfer of load from the gussets to the webs 'in these box sections. 
A comparison of the stresses in the angles and webs of 
the type A specimens indicates that the webs of AD2 were probably 
less effective~ that is, had less str~in at any given total load 
than did the .ADl webs. Conse'luently, for AD2 there was probably 
less shear on the rivets co~ecting the gusset to the web (not 
including those rivets which also connected the angles) and more 
shear on the rivets connecting the angles to the gussets than for 
ADl. This may accountj' at least in :part, for the different modes 
of first failure for ADl and. AD2, (ADl had a complete shear failure 
01' the joint; and AD2 sheared only the outer gusset-web-angle 
rive~6). Another .facto:" '\rin:"ch may have contributed to the 
diff~=ence in behavior lV1?.S the variation in ductility of the web 
p~tes, which may be fou-l1d in Table 20 
Type C SPecimens.. Analysis of' the strain data for both 
type C specimens reveals that the stress in the east angles was 
conside!'"ably higher than that in the west angles. However, because 
o~ t~e s~ number of gages ~ the stress concent~ations caused 
by the stitch rivets, a thorough. analysis of the strains Gannot 
be rrade. See the following tabulation. 
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AlULE STRESSES AT MID-LENGTH FOR C SPEI!!MENS 
Total, Av.- Specimen em Spec'imen CD2 
Load Stress on stress, 1000 psi stress, 1000 psi 
on Gross 
Spec. Area Av .. : ,West Av •. East Av...West. Av .. :East 
1000 1000 S1+S2 s3+S4 Batio 83;£4- Sl+S2 Batio 
lb. psi 2 2 W to E 2 2 W to E 
50' 2·57 1·90 4.10 0.46 2.00 3·35 0.60 
100 5·14 3·90 7·75 0·50 3.85 6.60 0.58 
150 7·72 5.65 11.20 0.50 5.65 9·70 0·58 
200 lO.29 7·55 14.80 0.51 7.65 12·9° 0·59 
250 l2.86 9055 18.10 0.53 10.10 15·80 0.64 
300 15-43 11.70 21·50 0.54 12.60 18.70 0067 
350 l8.00 13.80 24.70 0.56 15·10 21.45 0·70 
400 20.58 15·95 27·90 0.57 17·55 24.40 0.72 
'Av. 0·52 o:b4 
It is of interest to note that the average loads in the 
west sides of both members, as shown in Fig. 27, were about 79 per 
cent of the loads in the east sides at total loads from 50,000 lb. 
to about 400,000 lb. This ratio differs considerably .from that 
obtained on the basis of the strains in the angles. Although 
measurements are not available to explain this difference, it is 
believed that it may have resulted from an initial curvature in 
the spec imens • 
Laced Specimens: Types B, D, and E. The discussions 
of the load-strain relations for the three laced specimen types, 
"r B, D, and E, have been combined since their behaviors were similar. 
Although the lacing configuration is not the same (east to west) 
at the mid-height of the specimens for the No. 1 and No. 2 
specimens, no change was ID8.de in the numbering of the strain gages. 
Thus, for exam~le, 83 and s4 will always designate those gages 
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opposite the point on the angles where there was a lacing rivet, 
and readings of these gages may always be compared with other S3 
and s4 gages on sjmjlar specimens. 
By converting the ratios of stra.ins in the two sides of 
the laced members to percentage of load, we find that between 
25,000 lb. and 300,000 lb., the east sides tended to carry about 
60 per cent and the west sides 40 per cent of the total load. 
However, the load distributions based on the strains, and given 
in the following tabulation,;. all appear to be slightly higher 
than those obtained from the pull plate measurements shown in 
Figs. 25, 26 and 28 through 31. This relationship is similar to 
the variation noted for the type C specimens also. 
EDl 
0.68 
ED2 
0.63 
PER CENT OF LOlill ON EAs:r SIIlE OF MEMBER$ 
. CO~ FROM ANGLE SI'BAINS 
LOAD ~E FROM 25,000 TO 300,000 LB. 
BPl DDl 
0.66 
BP2 DD2 
0.61 0.63 
DPl 
0·59 
DP2 
0.60 
EDl 
ED2 
0·57 
EPI No. 1 Avt. .. 
0.62 0.61 
EP2 No.2 Av, .. ~ 
0.61 0.61 
By means of a comparison of the measured strains in 
all laced members, it was seen that there was very little difference 
in the average strains at the mid-length gage locations for loads 
from 25,000 lbe to 300,000 lb. whether the spec:ilnens were drilled 
or punched. A compariSOn was a.lso made of ultilIlate loads for 
the four pairs of laced specimens which bad failures other than 
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shear failures. This latter comparison gave an average of 96 per 
cent for the ratios of loads of punched to drilled members versus 
99 per cent for the ratio of drilled to punched average strains in 
the twelve laced specXffiens. 
The four E specimens have not been included in the ultimate 
load co~arison mentioned in the preceeding paragraph because the 
two drilled spec:ilIlens sheared their fasteners at loads about 3 per 
cent smaller than those at which the punched specimens failed at 
the net section. If we include these in the average ratio, we get 
0.985 which is about the same as the 0.99 obtained by comparing the 
strains. Were we to neglect the strain hardening effects of the 
multiple loadings on specimens EDl and ED2 and to use their final 
fracture loads in computing the ratios, the ultiInate loads of' the 
punched spec:imens with laCing would be approximately 95 per cent 
as great as that of the drilled specimens. 
Of considerable interest is the fact that the ultimate 
strength of the punched specimen DP2 exceeded the ultimate strength 
of its drilled counterpart, DD2, and that both failed in tension 
in similar fashions. 
Lac ing Bar strains 
Each of the two upper lac ing bars of' all the laced 
specimens had two stra.in gages mounted at mid-length and along the 
centerline, one gage on either side. Thus, a determination 'of the 
magnitude of the stresses in the lacing bars could be made. It 
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was noted that there was very little bending of the lacing tbroughout 
the range of loading. Accordingly, the readmgs of the two strain 
gages on each bar have been averaged and converted to stress on 
the gross section of' the bar. The results of these computations 
are presented in Figs. 32" 33 and 34. 
m addition, curves are'shown for the theoretical stresses 
(for the elastic range o~), which are equal to the nominal stresses 
in the angles multiplied by the squares of the cosines of the 
angles that the lacing bars made with the axes of the member. The 
stresses in the top lacing bars differed from the theoretical 
stresses because of' the complex end effects and the unequal 
distribution of load to the members. These same factors, no doubt, 
also affected the stresses in the second lac ing bars, but to a. 
lesser degree.. It is felt that for a long member the central lacing 
bars would generally be stressed at a level approximately equal to 
that suggested by theory. 
It will be noted that the lacing bars of both No.1 speci-
mens behaved differently :from those of the No. 2 specimens. Because 
of the consistency of this variation, it is believed that orientation 
of the specimens in the testing machine produced this dissimilarity_ 
From Figs. 32, 33 and 34" it is seen that, at working 
loads, the stresses on the lacing bars were less than 10,000 psi 
on the gross section of the bars; and, at loads about twice the 
design load, the stresses on the gross section of the lacing bars, 
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reached 15,000 to 20,000 psi, in som~ cases. 
A variety of failures was obtained with the 'laced specimens. 
Four of the members, the type B specimens, failed at lacing rivets in 
the middle of the members; the drilled type E specimens failed initially 
in shear and subsequently in tension at the net section; and the punched 
type E specimens and. all of the type D spec:iJnens failed at the net 
section. Of those specimens w.hich failed at the net section, three 
fractured at the side of the connection at which the lacing bar 
terminated; the remaining five fractured at the side of the 
connection opposite the lacing bar. Thus, the position of the 
lacing bars did not seem to affect the location of the rupture. 
Load-Deformation Relationships 
- Measurements were made of the overall deformation, the slip 
at the first and last rows, and the lateral movement of the UJ?:Per 
pull plates. For the analysis of the overall deformation, the four 
readings from the duplicate specimens were averaged, thus penni tting 
a compar~son of the punched and drilled specimens as veil as a 
comparison of the average deformations of' the various -types of members 
tested. 
In general, the measurements of overall deformation 
reflected the same general pull-plate load distribution shown in 
Figs. 24 through 31. Where the east pull plates were more heavily 
loaded, the east deformation was greater. And, just as. the loads 
in the pull :plat:es became more nearly equal as the loads approached 
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ultimate, the deformations of the two sides of the specimens 
became more nearly equal. Although the differences in loading on 
the two sides introduced a smaller deformation on one side than on 
the other, the av~e deformations in Fig. 35 give a general 
indication of the relative behavior of the various members. 
It is of interest to note in Fig. 35 that at a given load 
the punched specimens of any type (shown by dashed lines) deformed 
less than did the similar drilled specjmens. This was particularly 
true of the loads above the normal design range. 
For the sixteen specjmens tested, the overall deformation 
at a stress of 15,000 psi on the gross section (about 20,000 psi 
on net section) varied from a minimum of 0.024 in. for the liP 
specimens to a maxinrum of 0.059 :Ln. 'for the AD specimens. Since 
these members were onJ.y- 32 ino between the first row fasteners, the 
usual elastic analysis (based on the gross section) gives a 
computed deformation of 0.016 in. for the member itself; however, 
the actual defomation would be slightly larger. This suggests 
that slip at the first rows and de~ormation along the length.of 
the two joints should account for the balance of the movement or 
about 0.01 in. :for the BP specimens and 0.04 in. for the AD specimens. 
Referring to Fig. 36, we find that at the two first rows, the slip 
in the joints of the BP specimens actually totalled almost 0 .. 01 in. 
and in the two joints of the AD specimens almost 0.03 in. The 
average slip and deformation in the two connections of. a specimen, 
therefore, were equal approxima.tely to the computed deforma..tion 
of an additional 4 .ft. length of the member. This seems to 
partially justify the use of the distance betwe~ panel points to 
determine the deformation of the members of a truss. Such an 
a.ssumption, although awroxilnate., is -probably no more in error 
than many of the other assumptions made in determining the 
deformations of a. structure. 
For a given specimen, slip at the first row was obtained 
at six separate points. The measurements at all six points 
reflected variations in the distribution of load and specimen 
configuxation. By averaging all six first row slip readings of 
one specimen with the six from the identical spec:imen, Fig. 36 
was obtained. Here we see, once again, that at any given load 
the p~hed specimens generally underwent less av~age de.formation 
than did the comparable drilled specimens. By taking into 
consideration the scale of this figure and that o.f Fig. 35, it 
can be seen that the slip in the two joints was e'lual to about 
one half of the overall deformation obtained from these comparatively 
short members. 
The measurement of slip at the last row of rivets yielded 
only relative information on the deformation. These measurements 
at the end of the joints inc~uded slip as well as local deformations 
in the angles and gussets and conse'luently are not direct~ compara.ble 
with the other slip data~ Nevertheless} the deformation of the 
punch~d specimens at the last row of rivets was again less than that 
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of the ctrilled specimens and was sim;] ar to that shown in Fig. 36. 
Discussion of Failures 
Of the sixteen specimenS tested~ only eight failed, 
. ' ". ~ ., ~ . 
initially at the' net section.' The other eight specim~ns ,fell ',into 
. .'f:...... ," . 
two groups: those which :failed in shear, and those which failed 
in tension at points other than the net section. 
The behavior of ri~eted joints has long defied exact 
analysis; the many attempts made in the past century have met with 
only partial success because of the many variables which affect 
this behavior. As early as 1867 Schwedler(l) showed that the 
behavior of a riveted joint at working loads was dependent on the 
friction, thereby extending the observations in 1850 by Clark. (1) . 
Since then, this finding bas been repeatedJ.y reported, and at one 
time, a.ccording to Fr~is, (9) ;C-e:rman specifications used joint 
friction as a basis :for design. However, the amount of ~iction 
which wiD. exist in a given joint is difficult to predict. This 
fact led American engineers to continue the use of design methods 
which do not utilize .friction, but which insteag., are based on the 
areas required for tension, shear, and bearing. 
The most COImIlOn American specif'ications (10, ll, 12) 
based on many years of experience, assume that designs will be 
made for equal partition of the load to the :fasteners in a joint, 
and specify the use of nominal unit stresses. Some investigators 
have presented statements supporting this practice (Ref. 13 and 
14); however, others have questioned the validity of the assumption 
when a connection is very long (Discussion of Ref. 1"4). 
FranCis;(9) Batho,(15) and others,(l) present observations 
and calculations which indicate that, dependent on the number of 
fasteners in a line, the end rivets of a connection may take 2 to 
15 times the load carried by the innermost rivets and that such 
may represent actual rivet loads of about 1.2 to 2.8 times that 
assumed in design. Batho (15) further suggests that increasing 
above five the number of rivets in a line does not materially reduce 
the load on the end rivets. Despite "the fact that such elastic 
analySeS are not completely suitable for the prediction of the load 
partition to rivets because of joint friction, the change in joint 
behavior and. slip throughout the range of loading, and the 
impossibility of obtaining an ideal joint connnerc ially, they do 
point up the error in assuming eClual load distribution. Experiments 
on conventional joints have indicated that load is only partially 
redistributed after yielding and slip occur. 
Because of the une~ual distribution of loads along the 
length of long connections, a shear failure of the rivets may be 
a progressive failure. However, it should be-noted that progressive 
fa.ilure may in reality be ~uite sudden - so sudden, in fact, that 
the eye cannot detect the se~uence of rivet failure. Most likely 
the first rivet fails after gradually reaching a large deformation. 
When it fails, the load is very suddenly shifted to the next rivet 
which already bas been deformed nearly enough to cause its failure. 
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The shock or impact attending the load transfer, shears this second 
rivet immediately and. seemingly the rivets all· fail at the same time. 
An examination was made of the deformations of the specimens 
tested in this program. An unfractured joint from each type of 
specimen with each method of hole preparation was cut from that 
specimen and sectioned at the rivet center lines. These sections 
gave a complete picture of the relative deformation of the rivets 
in the connections and aided greatly in explaining the behavior of 
the members. 
The unequal rivet deformation and the resulting inequality 
in the partition of load which caused the premature shear failures 
in the type A specimens were evident in the sections of the type A 
member. .All the rivets in the center line of rivets of' the joint 
suffered very small·d~ormations; the two end rivets exhibited shear 
deformations of only about 0.08 in. The end rivets of the second 
line deformed about 0.10 in. and the end. rivets of the outer line 
deformed about 0.32 in. This large deformation :in the rivets of 
the outer line may be I seen in Fig. 37. An enlarged view of the 
.first rivet is shown in Fig. 38. Notice how the sharp corner of 
the hole in the web was deforming the rivet at the web-gusset 
plane and how the severe bending had started to pry off the rivet 
head. 
An inspection of the sectioned connections revealed that 
the end rivets were the most highly deformed, the inner rivets 
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~requently had comparatively low deformations, the rivets of the 
punched specimens were less de~ormed than were those of like drilled 
specimens, the holes o~ the drilled specimens enlarged more than 
the holes of the punched specimens, and the ~irst row rivets of' 
specimens CD2 and EPl (both with 10 rows) were probably deformed 
such that the ultimate strength of the end rivets had been reached. 
Further loading of those two joints would probably have caused 
failure of' the rivets. 
The type A and E joints which were refastened with ABr.M 
A325 (7) high strength bolts ~ailed in tens ion and sheared several 
of the bolts. However, since the bolts were installed in a speclmen 
which bad already been distorted, direct comparisons should not be . 
made between the riveted and bolted connections. 
Shear ~ailures occtl.:£I."ed :in the AD aIld ED spec :ilIJ.ens, all 
four of which were drilled and fastened with 3/4 in. rivets. The 
rivets of the AD specimens were band driven but those of the ED 
specimens were machine driven. 
From Table 4 it may be seen that the undriven 3/4 in. 
rivets exhibited an average nominal ultimate shear strength of 
48 ,200 psi and. the undriven 7/8 in. rivets an a.vera.ge nominal 
ultimate of 44,000 psi. A number of previous investigators have 
shown that driving increases the sh~ar strength based on nominal 
diameter by as much as 33 per cent;·(lt$) After driving, increases 
of simjlar magnitude have been noted also in the tensile strength 
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of rivets. Since the properties listed in Table 4 are for undriven 
rivets~. we would expect that the ultiI:Il5.te rivet strengths in the 
connections might be perhaps as much as 15 to 20 per cent higher. 
A summary of the maxi.mtu:n. nominal shearing stresses which 
may have existed at ultimate will be found. in Table 6. These values 
are ba.sed on the distribution of ,load to the east and west pull 
plates just before failure. 
The only spec imens which failed in shear were ADl, . AI12, 
EDl and. ED2·. The nom..inal unit shears· (from Table 6) at failure of 
the A.specimens and.E specimens are quite different, yet the 
ultilIlate strength in shear of the rivet stock for both was about 
48,200 psi~ Therefore, the nom:i.nal shear stresses on the A specimen 
rivets were onJ.y about eight-tenths of the ultiInateb' Further, from 
Table 1, we see that th~ Tensio:o:Shear ratio (T:S->rat~cf) of 1.0:0.65 
is well below the 1 .. Q:0.75 allowed by current specifications .. 
Since the nominal shear stresses were not excessively high, 
could the ca.use of failure be combined tension and shear caused by 
the bowing of gussets and· webs' This question may be answered 
negatively. Munse and Cox.(17) 'show that a rivet subjected to 0.8 
of its ultimate shear stress is able to resist~ in addition, a 
tensile stress equal to about half its ultimate tensile stress. 
It appears unreasonable then to assume that tension plus shear could 
have been the princiPaJ,. cause.. From an examination of' the joint 
deformation,.. it would appear that the shear failures of the A and 
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E specimens were due to two causes, singly or in combination: 
excessive deformation of the end. rivets in a long j~int, and failure 
to distribute the rivets on gage lines in proportion to the 
corresponding cross sectional areas. This latter point has been 
.. ~(e.g., Ref. 13) 
ralsed prevlously by other authors. ' 
Since the A joint was only 7 rows long, the effect of 
the length of joint was probably minor compared with the second 
effect. A comparison of the distribution of area to the five lines 
of rivets indicates that the outer lines of rivets each connected 
3.42 sq. in. of net area (using ARF.A areas) or 34.1 per cent of 
the total. The three inner rows each carried 1.06 sq. in., or 
10.6 per cent of the total.. Immediately we see by this crude 
analysis that the material in the two outer lines of rivets 
contained 68 per cent of the net area of the joints but only 40 
per cent of the rivets. From the ma.xi.I:rrum gusset load. for the A 
specimen as given in Table 6, the unit shear on the outer lines 
, of rivets would be 
600tOOO x 0.68 = 65 900 . 1 x 0.442 ,PSl 
This high unit shear undoubtedly did not exist at failure because 
of a partial redistribution of load a.f'ter yielding. ~ However, it 
is of considerable interest to note that this computed ultimate 
shear stress is only about 37 per cent greater than the ultimate 
shear strength of the undriven rivets; as noted earlier, the 
driving could have produced an increase of as much as 33 per cent. 
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It may be recalled also that only the rivets in the angles of 
Specimen AXe sheared and then the web tore, indicating that the 
shear on the outer lines of rivets was excessive. Consequently, 
.~. 
it would seem desirable to proportion the rivets in such a 
connection on the basis of the contributing cross sectional areas 
to more near~ equalize the loads on the rivets. 
A redesign of the A specimens on the basis of area 
distribution, maintaining the same net section and approxilIlately 
the same number of rivets, would give: twelve rivets in each outer 
line, a.nd four rivets in each inner line. Such a joint would not 
be acceptable to many engineers because of the excessive length of 
the joint and the large pitch along the inner lines o~ rivets which 
would make these rivets less effective. One means of reducing the 
length of such a conne~~ion proportioned on the basis of area would 
be to increase the rivet diameter, another would be the use of lug 
or clip angles. However, the use of lug or clip angles to transfer 
some of the load from the member to the gusset may not be a fully 
satisfactory solution in view of the observations of WYly,(18) 
Shedd (19) and others. (1) The use of clip angles has been examined 
by few investigators and might well receive additional attention. 
As noted earlier, drilled spec imens EDI and. ED2 failed 
in shear at loads below those at 'Which the 1 ike punched members 
failed in tension, although many investigators have held that 
drilled joints are to be preferred.. Table 6 shows that the average 
nominal unit shears on the rivets of the punched specimens actually 
were higher than the average nominal shears on the drilled specimens. 
In recent literature on the strengths of joints prepared 
by drilling and punching, this apparent higher shear strength of 
punched specimens has not been noted because most of the investigators 
have designed their joints to assure tension failures. SjmjJarly, 
by using a T:S ratio of 1.0:0.68, it was assumed that tension 
failures would occur also for all of the E specimens. However, the 
design of the Type E specimens resulted in jOints which were closely 
balanced with respect to shear and tension. This balance was 
affected by the method of hole preparation; the punched holes 
actually providing stronger jOints, by a few per cent, than did the 
drilled holes. Interestingly enough, this same paradox had been 
noted some ninety years ago by ~d.(l) 
It will be recalled_from Figs. 35 and 36 that the per-
formance of all the punched spec:imens at arry given load was better 
than that of the corresponding drilled specimens in one other 
respect--the deformation or slip was smaller. This may be a clue 
as to why the punched spec:iInensdid not fail in shear even at 
nominal unit shearing stresses equal to or greater than those 
which caused rivet failure for the drilled specimens. One reason 
for this difference in shear strength may be the sharpness of the 
edge of the drilled holes. Another reason may be the keying action 
produced by the slight depressions and burrs left on the surfaces 
of the connected parts by the punching. These burrs, under the 
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forces produced by tension in the rivets, ~y act as shear keys and 
impede the shearing deformation of the joints •. 
This still leaves the q,uestion: why did the drilled E 
specimens fail in shear when they were thought to be overdesigned 
to assure tension failures? The highest nominal unit shear on the 
drilled E specimens was 46 ,000 psi while the undriven rivets had 
a coupon strength of 48,200 psi. If no allowance is made for 
increase in strength due to driving, we find that this shear was 
only 95 per cent of the ultimate; but, with a moderate increase in 
strength of only 15 per cent from driving, the nominal shear in the 
connection would have been only 83 per cent of the expected ultimate. 
One factor which might result in such an unanticipated failure is 
the length of the joint. A number of years ago Jones (14) warned 
that perhaps the unit shear aJJ.owed for a lOIlg joint should not be 
as grea.t as that per!rlitted for a short jOint. The al?]?arent lowe,r 
j oint strength of the drilled E spec imens may be a result of the 
highly unecrual distribution of' rivet loads which occur along the 
length of such a joint. On the basis of these few tests and the 
other test data in the literature, it a.ppears that only about eight 
rivets can be placed in a line if they are to develop their .full 
collective shear strength. At working stresses where the load is 
carried principally by friction, longer joints behave satisfactorily 
but may give a false sense of ul t:ima. te strength because of the ir 
reduced ultimate shearing capactiy. 
Two types of the tension failures which warrant attention 
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are the gusset plate failures of spec:imen ADl and the failures at 
the lacing bar connections for all four of' the type B spec:i1llens. 
The :final gusset failures of' Am were largely the result of the 
relatively high stress concentrations. A number of other 
investigators (1, 20, 21) have shown the importance of these 
stress concentrations. The gusset net section area, 35.63 sq. in. 
(AREA), was 176 per cent of the net section of the specimens and 
undoubtedly would have been more than sufficient had the gussets 
been narrower but thicker. As shown by LUder t s lines in the 
whitewash, the stress concentrations caused yielding of the gusset 
at the last row rivets at a ioad of' 400,000 lb. This crude 
evaluation suggests a stress concentration of slightly more than 
three. The gusset plate tore at a nominal average ~tress of' about 
35,000 psi, a stress higher ~~ that reached by any other specimen. 
In. the test of ADl it was noticed that e.:fter the first shear failure 
at 1,155,000 lb., the east gusset had necked down considerably at 
the last row of rivets. upon reloading, the gussets failed before 
the rivets of the upper joint sheared. However, it should be pointed 
out that the upper joint of ADl was near the point of shear failure. 
This is evident from an inspection of the joint section in Fig. 37 
and of' the rivet shown in Fig. 38. The loss of this rivet head at 
the first row would probably have started eo progressive shear failure 
throughout the remainder of the jOint. 
The other type of tension failure which was unexpected 
was that shown by the B specimens. The AREA net section of two 
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angles at the first row of rivets was 4.31 sq.· in. and yet failure 
occurred in the two angles a.t a point having an ARFA net area of 
4.97 sq. in., 15 per cent greater. The reason for this unusual 
failure was the effect of' the lacing bars, which actually contributed 
to the failures. There were three laced specimen types but only 
one exhibited this unusual failure p~ttern. 
The type D specimens had a very small net area to gross 
area ratio--63 per cent; the type B specimens with the same size 
angles, rivets, and lacing bars had a net area to gross area ratio 
of' 75 per cent; thus, failures at the net section would be expected 
to occur in the D specimens at lower total loads since both 
specimen types had the same cross section at the lacing rivets. 
This, then, is one expla.nation why the D specimens were more likely 
to fail at the net s~ction than were the B specimens. A second 
reason lies in the contribution of the lacing bars to the loading 
in. the angles. Same of the lacing bars in the B spec:ilnens exhibited 
stresses which were somewhat higher than those stresses in the D 
specimen lacing bars. These tensile forces acted as concentrated 
loads at the lacing rivets thereby further stressing the member 
angles which were already subjected to axial tension. This bending 
stress applied by the lacing increased the tensile stresses, on the 
toes of the angles at the lacing rivets and the combined stresses 
caused failure sooner than would have otherwise occurred. 
By means of an approx:ilIlate analysis the conditions can be 
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determined which would have bad to exist to induce failuxes at the 
la.cing connections. At failure, the center lacing bars of the B 
specimens would have bad to have a gross stress of about 6000 psi 
by such an analysis. This is in reasonably good agreem~nt with the 
maximum stress measured at the lacing bars and shown in the lower 
portion of Fig. 32. The D specimens, by similar analysis, would 
require a lacing bar stress of about 8000 psi to produce the same 
type of failure. However, this stress was not reached by any of 
the D specimens lacing bars. Because the E specimens bad angles 
of greater stiffness than those used in the B and D specimens~ 
the secondary effects from the forces in the lacing bars were 
compara:.tively small. Accordingly, none of the E specimens failed 
at the lacing connections. Therefore, although the lacing bars 
may have affected the ultimate strength of the B specimens by 
perhaps lO per cent or less, they did not appear to affect materially 
the ul t:iJ:na te loads of the D and E spec imens. 
Lacing in a tension member is used to assist in handling 
in the field and the shop, thus avoiding local buckling, and to 
adjust the shears in the member which result from unequal loading. 
Scott and Cox(22) indicate that in actual service, each of the lacing 
bars of a floor beam hanger composed of two 12 in. channels carried 
less than 1000 lb. total load. They concluded that ~ for working 
loads, continuous lacing, properly spaced, appeared to be adequate 
to tie the main components of the hanger together. Earlier, Wy;Ly 
et al (18) had observed· that hangers composed of two channels which 
are connected with occasional tie plates did not act as a unit, 
but as two individual members which were subjected to severe 
racking stress. Thus, on the basis of' the data reported herein and 
the observations of' others, it seems that where a solid web is not 
warranted, lacing bars will provide a suitable tie; however, the 
solid web would be preferable. 
Although it did not produce failures of the members, a 
great deal of warping and. bending occurred in the angles a.nd. gussets 
at the outer ends of the type E connections. This deformation in 
the long connections would have been reduced greatly if' the batten 
plates had extended the entire length of the joint. In the B and D 
specimens which had c~atively long tie plates, this deformation 
was not apparent. 
Analysis of Joint ~~iciencies 
In the United states th.e three most commonly used 
specifications present the same rule for the computation of' the 
effective net section of a tension member. The specifications of 
the American I0.ilway Engineering Association (AREA.), (10) The 
American Association of state Highway Officials (AASHO), (ll) and 
the American Institute of' steel co~truction (AlSC),(12) although 
in slightly different words, all provide what is subsequently 
referred to as the ~ Bule for tension net areas. 
The several specifications present somewhat different 
re~uirements for angles in tension which are connected through one 
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leg or which may be subject to bending. However, all three speci-
fications require the following whether the method of hole preparation 
is drilling, sub-punching and. reaming, or ~ching: 
"The d~eter of the hole shall.be taken as 
1/8 inch greater than the nominal diameter of the 
rivet. tt 
2 
The history of the acceptance of the AREA ~ Bple has 
been conveniently sUIllII\a.rized in an article by C. H. Chapin, (23) 
who also mentions some of the other rules for net section determi-
nation used in: the .. 1920~s~ ·.Some of the~e latter rules specified 
that the net section along a diagonal line of holes should be from 
10 per cent to as much as 40 per cent in excess of that along a 
transverse line.(19, 23, 24) It has recently been shown by W. G. 
Brady and D. C. Drucker, (25) based on their limit analysis and 
tests of flat plate specime~ with open or plugged holes, that the 
s2j4g rule corresponds to an approx:iIIlate upper bound. at yielding 
for a riveted joint. The so-called Modified ARFA Rule differs from 
the AREA Rule only in that the actual hole diameter is used in 
computing the net width. 
Tva other suggested design rules, which are based on 
empirical studies, are those of W. M. Wilson (presented in a 
discussion of a paper by lhvis., Woodruff, and !aVis(14») and F. W. 
Schutz, Jr. (26) The first of these has not been used in the analysis 
and review of these tests and, since it is read~ available in the 
literature, will not be repeated here. The second, known as the 
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Relative Gage Rule, has been used to examine the results of these 
tests and may be expressed as follows: 
Effective Net Section 
"In the case of a chain of holes extending 
across a part in a zigzag, diagonal or straight 
line, the effective net section of the part shall 
be the summation of the effective net sections 
of all the ga.ge strips along the chain of holes. 
No chain of holes shall be considered which has 
a gage strip with a pitch of 2/3 or more of the 
gage of that strip. 
The critical net section of the part is 
obtained from that chain which gives the least 
effective net section. 
A gage strip is the portion of the part 
bounded by the longitudinal center lines of two 
successive holes in the chain of holes being 
investigated. A transverse edge distance is 
considered as one balf' of a. gage strip which bas 
a gage twice the edge distance. The effective 
net section of a gage strip is the product of 
the effective net width and thickness of' the strip. 
The effective net width '(E. N. W.) of 
a gage strip shall be determined by the follow-
ing equation: 
where 
E. N. W. = 1.05 (g - 0.9d) KH 
but- :'not more than 0.87 gKH 
d = Actual hole diameter 
g = Transverse spacing (gage) of any 
two successive holes 
K = 0.82 + O.0032R but not more than 
1.00 
R = Reduction in area of standard 
control coupons in per cent 
H = 1.00 for drilled holes; 0.862 
for punched holes." 
With respect to the Relative Gage Rule, the following 
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points should be emphasized: (1) It is necessary to deal with each 
gage strip separately and then to determine a weighted effective 
area. (2) Actual hole dialIleter is used in contrast to nomine] 
connect~r diameter plus 1/8 inch as is now customary. (3) A 
marked distinction is made between punched and drilled holes. 
(4) No effect is reflected in the formula for varying the stagger 
between the conditions of no stagger and sl g of 2/3. (5) The rule 
sets an upper bound of effective "net 'Wlq.,th) ~dicating that the -use 
of a gage of more than about 5.25 times the actual hole diameter 
does-not increase the efficiency of a joint. (6) Same estimate 
of the ductility of steel must be made. 
Test Efficiency as used in this report may be defined as 
the ratio in per cent, of the ultimate test load to the expected 
strength of the gross section based on the average coupon strength 
of the specimen at the c~itical section. The computed test 
efficiencies, the predicted efficiencies, and the ratios of these 
efficiencies are shown in Table 5 along with data on the ultiInate 
strength of the specimens, A.RFA design loads and the resulting 
factors of safety. To convert the design loads to those allowed 
by A:rfC, the tabulated values must be multiplied by 20/18. 
From the ratios of predict'ed efficiencies we see that 
the AREA Rule predicted, on the average, values which were 6.3 per 
cent high basea on initial failure loads only. The Modii'ied AREA 
Rule gave results which averaged 8.9 per cent too high. The 
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Relative Gage Rule gave results 11.8 per cent too high on the 
average, for all the drilled specimens, and 2.8 per cent low for 
a.ll the punched specimens. If we consider only those specimens 
having initially net section failures, we find. that: the AREA. Rule 
gave averages 3.0 per cent h~; the MOdified AREA Rule gave values 
5.8 per cent high; the Relative Gage Rule drilled predictions were 
8.5 per cent high and the punched predictions averaged 6.5 per cent 
low. On the ba.sis of these few tests, it appears, then, that of 
the design rules compared, the AREA Rule gave the best agreement 
for truss-type members. 
A comparison of the predicted AREA efficiency and test 
efficiency is presented graphically in Fig. 39. If we approximate 
the net section failures with a straight line, we may obtain the 
following empirical relationship for test efficiency: 
Test Efficiency = 24.5 + 0063 (AREA Efficiency) E~. 1 
-but since 
A.RFA Efficiency 100 Eq. 2 
and 
Effective Net Width (ENW) = Effi~;ency x WG E~. 3 
then we may obtain, 2 
ENW = 0.245 WG + 0.63 [WG -ID +I ~ 1 Eq. 4 
This may be closely approxir.'3.ted by 
ENW = 0.875 WG - 2) D + I ~ 
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where 
WG = gross width of section 
D = .nominal fastener diameter plus 1/8 in. 
s = pitch (stagger) of any two successive holes in the chain 
g = gage of same holes 
Equation 5 was derived on the basis of the eight net 
section ~ailures. From a comparison of the values of efficiency 
predicted by this equation and.the test efficiencies for all sixteen 
specimens, we find that the predicted values are 2.4 per cent too 
high as ccmpared to 6.3 per cent for the AREA. Rule. The eight net 
section failures are predicted 0.5 per cent too high rather than 
3.0 per cent by the AREA Bule. By using Equation (5)" all initial 
failures are predicted to within + 10 per cent and - 1 per cent, 
whereas the predicted AREA values varied from + 15 per cent to - 2 
per cent. 
Equation (5) of this report has not been applied to any 
other specimens except those reported in Reference 8~ Nor is it 
presented as a recommendation for effective net width determination, 
but only as a curve of "best fit" for the present tests. The 
scarcity of :full scale tests on double plane members will not allow 
as extensive a statistical comparison as has been made with other 
rules for predicting efficiencies of flat plates. Further, the 
above equation is limited in application- to .double plane members, 
and should not be applied to single plane members , although if used 
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for ~lat plates, the results obtained would probably be more 
conservative than those obtained fiom the ABFA Rule. 
In order to understand more f'ulJ.y the significance of 
stUdies on the efficiency of riveted joints, it may be well to 
consider some of the factors which are not satisfactorily reflected 
in the derivations or analyses of joint eff.iciencies. 
(1) The possible variation due to rolling tolerances(5, 6) 
is ~ 2.5 per cent. No method for the prediction of efficiency can 
remDve this source of variation. 
(2) Wilson, et al, (27) have pointed out that identically 
fabricated laboratory specimens may vary in strength by as much as 
10 per cent. Obviously, then, the variables o~ fabrication introduce 
an unpredictable effect in any joint, the magnitude of which can only 
be determined by a destructive test. 
(3) Current specifications (this does not include the 
Relative Gage Bule(26)) do not limit the maximum efficiency of a 
joint. And, contrary to the design formulae, few jOints have been 
reported ~ the literature with test efficiencies above 88 per cento 
An upper li!:lit of 75 per cent has been suggested by D3.vis, Woodruf'f 
and l)3.Vis(14) and Wilson(14) bas suggested 85 per cent. Other 
recommended maximum efficiencies may be found in the literature. (1) 
This absence of an upper limit is perhaps one of the most questionable 
points of current specifications. 
(4) . No current specifications penalize punched holes. 
Various tests during the past century have shown both that punching 
mayor may not reduce the strength. The results of" the tests r~ported 
herein suggest that punching reduces the strength only slightly, if' 
at all, and. that in long joints a punched hole may actually increase 
the strength, if shear is critical. The Relative Gage Rule(26) 
suggests that punched holes are only 86.2 per cent as strong as 
drilled holes, thereby permitting a maximum of 75 per cent efficiency 
for punched joints. 
(5) No specification now distinguishes between single 
plane and double plane jOints, although a difference in behavior 
is taken into account in some speCifications for angles connected 
by one leg. It is felt that a shear lag, such as was noted in the 
tests by Fuller, et al,(8) reduces the effectiveness (to about 82 
per cent) of the webs of truss-type members and accounts for a large 
part of the difference between test efficiencies and those predicted 
by present design rulese 
CONCLUSIONS 
The following conclusions are based on the results of the 
tests and studies reported in this paper. 
1. Adherence to current design stresses does not 
necessarily insure a balanc,ed design (i. e., a design in which, at 
ultimate, the member is likely to fail in either shear or tension); 
shear faiJ-ures may be expected in long truss-type jOints of "balanced 
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design. " 
2. Large connections should be proportioned such that the 
distribution of rivets in a joint is similar to the distribution of 
areas connected by the rivets. 
3. M=mbers with drilled holes in the connections are 
more susceptible to shear failures than are sjmjlar punched 
specimens. In addition, the shear strength of the drilled member 
can be expected to be slightly smaller than that of the punched 
member. 
4. Punched and drilled truss-type members of the same 
joint pattern and of 3/8 -to 1/2 in. thick ma.terial may be expected 
t.o have approx:i.mately the same efficiency. This may be different 
for thicker materials. 
5. The use of lacing bars in tension members provides 
a secondary loading which may reduce the strength of the members. 
To reduce the likelihood of tensile failures at the lacing rivets, 
the edge distances at these rivets should be made as large as 
possible, and the lacing bars as small as feasible. 
6. Of the several design rules considered, the AREA net 
section rule appears to give the best agreement with the test 
efficiencies of these truss-type members. 
7 • In view of the lack of complete agreement between 
theoretical and test efficiencies, and the unpredictable variations 
in the materials, it is doubted that complicated formulae for the 
design of tension members are justified. Because of the simplicity 
of a~plication and our 'familiarity with the currently specified 
rule, it would seem desirable to retain the present net-section rule 
as a basis for design, but to institute a suitable upper limit on 
efficiency or effective net section. Such a procedure, would correct 
the most serious defficiency of the current specifications for 
tension members and would. rpovide, for riveted connections, a 
predicted or theoretical efficiency which does not differ greatly 
from the test efficiency. 
The tests described in this paper are a part of' an 
investigation being carried on as a result of a cooperative 
agreement between the Engineering Experiment station of the 
University of Illinois, the Illinois Division of Highways, the 
Department of Commerce - Bureau of Public Roads, and the Research 
Council on Riveted and Bolted Structural Joints. The investigation 
is a part of the Structural Research Program of the Department of 
Civil Engineering under the general direction of E. M. Newmark, 
Research Professor of structural Engineering. This paper is based 
on a thesis (M.S.) submitted by Eugene Chesson, Jr., at the University 
of ILlinois, 1956. The tests were approved by the Project II 
Committee of the Research Council on Riveted and Bolted structural 
Joints. 
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TABLE 1 
AREAS AND PROPEffi1IES OF ~IMENS 0'\ I\) 
Gross Area, Ratio, Net Area, Sq. In., Tension:Shear:Bearing 
s~. in. f*t Based on R9.tio 
Spec. Type Hole . Rivet Hand Meas. 5 Mod. Rel. Shear AREA. Prep •. Size, Book AREA AREA. Gage Area* 
in. sq. ill. 
(1) (2) (3 ) (l~ ) (5) (6) (7) (8) (9) (10) (11) (12) 
ADl Box Section Dr .1llcd 3/4 27. lIB 27·12 98.68 20.23 20·77 20·57 30·93 1.0:0.65:0.77 
AD2 Box Section Drilled 3/4 27·48 27024 99·13 20.23 20·77 20·57 30·93 1.0:0.65:0.77 
BDl Laced Angles Drilled 7/8 . JJ .• 44 11 .. 44 100 .. 00 8.62 8.81 8.63 14.43 1.0:0.60:1.10 
BD2 laced Angles Drilled 7/8 1l.44 11.20 97·90 8.62 8081 8.63 14.43 1.0:0.60:1.10 
BPI Laced Angles Punched 7/8 1l,,44 11.24 98.25 8.62 8.81 8 .• 63 14.43 1.0:0.60:1.10 
BP2 Laced Angles Punched 7/8 11044 11.24 98.25 8.62 8.81 8.63 14.43 1.0:0.60:1.10 
eDl I-Section Drilled 7/8 19.44 19·37 99.61~ 15.62 15·87 15.69 ·24.05 1.0:0.65:1.19 
CD2 I-Section Drilled 7/8 19044 19·17 98.61 15.62 15,,87 15.69 24 .. 05 1.0:0.65:1.19 
Dill Laced Angles Drilled 7/8 11.44 11.32 98.95 7·20 7.48 7.22 12.03 1.0:0.60:1.10 
. DD2 Laced Angles Drilled 7/8 11.44 11 .. 24 98.25 7 .. 20 7.48 7.22 12.03 1.0:0.60:1.10 
DP1 Laced Angles Punched 7/8 1l.44 ll.16 97·55 7·20 7.48 7.22 12.03 1.0:0.60:1.10 
DP2 Laced Angles Punched 7/8 11.44 11.,20 97·90 7,,20 7.48 7·22 12.03 1.0:0.60:1.10 
EDI Laced Angles Drilled 3/4 14.44 14.48 100.35 11.94 12.12 12000 17.67 1.0:0.68:1.06 
ED2 Laced Angles Drilled 3/4 14.44 14.44 100.00 11.94' 12.12 12.00 17067 1.0:0.68:1.06 
EPl Laced Angles Punched 3/4 14.44 14.48 100.35 11.94 12.12 12.00 17.67 1.0:0.68:1.06 
EP2 Laced Angles Punched 3/4 14.44 14~44 100.00 11,,94 12.12 12.00 17.67 1.0 :0. 68 :·1.06 
Average 98 .. 99 
* Based on the nominal diameter of rivetsQ 
TABLE 2 
AVERAGE MECHANICAL PROPERTIES- OF 
SPECIMEN MATERIALS 
All coupons were standard 8 in. gage length and tested 
at a loading rate of 0.2 in/min. Upper yield was determined by 
drop of beam; lower yield was verified by automatic stress strain 
plot, where taken. Angle coupons averaged below were from critical 
sections for .,.specimens. 
Coupons 
for Location 
Spec. 
ADI 
AD1 
AD2 
AD2 
B 
BDI 
BD2 
BPl 
BP2 
CDI 
CDl 
cm 
CD2 
D 
D 
DD1 
DD2 
DPl 
DP2 
E 
ED1 
ED2 
EPI 
EP2 
angles 
webs 
angles 
webs 
lacing bars 
angles 
angles 
angles 
angles 
angles 
web 
angles 
web 
lacing bars 
gusset plates 
angles 
angles 
angles 
angles 
lacing bars 
angles 
angles 
angles 
~gles 
Av;~ 
Upper 
Yield 
psi 
45,900 
37,400 
43,900 
37,000 
47,900 
40,200 
39,500 
41,200 
43,400 
38,650 
40,000 
41,500 
40,000 
48,800 
38,500 
41,000 
40,100 
39,000 
39,800 
46,300 
40,200 
40,300 
40,300 
40,700 
Av. 
Lower 
Yield 
psi 
45,000 
36,200 
43,500 
33,600 
45,600 
39,200 
38,300 
40,200 
41,900 
38,650 
38,000 
40,300 
38,000 
45,700 
36,200 
40,100 
39,300 
39,000 
39,600 
43,900 
38,900 
38,900 
39,000 
39,700 
Av .. · .- Av. 
Ultimate Elong., 
Strength 
psi % 
69,400 
62,900 
68,900 
58,000 
59,·900 
60,660 
6J.,6oo 
62,500 
62,200 
hl,300 
63,400 
61,900 
63,400 
58,800 
59,300 
62,200 
61.,200 
63.,800 
62,200 
58,700 
65,300 
65,400 
65,900 
65,500 
26.2 
26 .. 7 
2602 
3006 
-23.4 
25.6 
25 .. 8 
2703 
2800 
28.4 
27.09 
26.6 
2709 
22c3 
2805 
2603 
2604 
2806 
2801 
21.3 
2805 
27.9 
27.2 
- 27.9-
Av.-
Reduc. 
in Area 
% 
4906 
51.6 p 
4907,' 
5307 
47;4-
51. .. 3 
48.8 
4806 
4909 
4903 
51.4 
4904 
5104 
4805 
5401 
5009 
5003 
5101 
49.5 
4903 
4809 
480S 
49.0 
4900 
TA13LE 3 
0'\ 
+:-
CHEMICAL ANALYSIS AND MECHANICAL PROPERrIES OF M\TERIALS 
(From Mill Reports) 
Tensile 
lwhterial Carbon Wtng., Phose Sulphur Silicon Strength, Yield, Elong. , 
psi psi % 
Angles 
3 1/2 x 3 1/2 x 7/16 x 22'-6" .23 ·52 .Ol!~ .039 66,320 39,650 28.0 
Angles 
5 x 3 x 3/8 X 341 .,.0" .21 .42 .023 .042 .07 63,283 38,877 27·0 
Angles 
5 x 5 x 3/8 X 30'-0" e24 .46 ,,017 .036 .04 68,963 40,948 25·0 
Plate, Hot Rolled, 
Sheared 40" x 1/2 X 10' .20 .. 41 .010 .032 60,000 34,200 26.5 
Plate, Universal Mill, 
16 x 1/2 x 25'-8" .23 ·52 .010 .. 033 62,280 37,500 28.0 
Plate Universal Mill 
16 x 1/2 x 25'-8" .22 .49 .016 .026 64,740 38,860 '26.25 
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TABLE 4 
COUPON TESTS ON RIVEr STOCK 
Rivet Av.· Av.-
Size, Meas. Ult. Tensile Test ** 
Diam. , Shear Ult. Reduction Elong. 
in. in .. Strength* psi in Area, 'fo 'f, 
psi 
3/4 x 2 1/4 0.741 46,:700 67,700 58.6 18 
3/4 x 2 3/8 0.740 46,700 68,900 54·7 17 
3/4 x 2 3/4 0·740 49,100 70,100 62.1 19 
3/4 x 2 7/8 0.743 50,300 69 z6oO 65.9 22 
AV.:r ~3/4' 48,200 69,100 
7/8 x 2 5/8 0.864 43,700 62,500 65.5 19 
7/8 x 3 0.861 44 2 200 621.800 63.8 20 
Av. T }7/f} 44,000 62,700 
* Average of four loadings on two rivets; tvo loadings on each 
rivet were made on surfaces 3/4" to 1 ti ap~t. Shear stress 
tabulated is based on nominal diameter; loading rate was 
0 .. 04 . iIi/minute • 
** Average from two tests on coupons machined from undriven 
rivets with no annealing. Coupons were 0025 in. in 
diameter, had 1.00 in. gage and were tested' at a loading 
rate of 0.02 in/minute. 
TABLE 5 
ULT m\TE L<YU>S AND EFFICIENC IES OF SPEX:! mENS 0\ 
CJ'\ 
Spec. Spec imen Hole Rivet Ult. AREA. Factors of Safet~ 
Type Prep. Size, Load, Mode of Failure Design . AREA Shear,~ 
in .. 1000 lb. LOad;t** De s ign (AREA) 1000 lb. (5(~(7) (1) (2) (3) (4) (5) (6) ~9) (7)62 . 
ADl Box Section Drill 3/4 1155 Sheared rivets, E gusset 364.1 3.17* 2·77 (Bolted) 3/1~ 1235 Tore lower gussets , 3.39 
AD2 Box Section ])riJ.1 3/4 1190 Rivets sheared, tore E web 364.1 3.27* 2.85 
BDl Laced Angles Drill 7/8 498 at E center lacing rivet 155·2 3.21 
BD2 Laced Angles Drill 7/8 500 at E top lacing r.ivet 155·2 3·22 
... 
BPI Laced Angles Punch 7/8 462 at w top lacing rivet 155·2 2.98 
BP2 Laced Angles Ptmch 7/8 458 at E top and bot. lacing rivet 155·2 2·95 
cm I-Section Drill 7/8 872 E net section 281.1 3.10 
CD2 I-Section Drill 7/8 902 W net section 281.1 3.21 
DDl Laced Angles Drill 7/8 450 W net section 129.6 3.47 
DD2 Laced Angles Drill 7/8 444 E net section 129.6 3.43 
DPl laced Angles Punch 7/8 439 . E net section 129.6 3.39 
DP2 Laced Angles Punch 7/8 449 E net section 129.6 3.46 
EDl Laced Angles Drill 3/4 722 Bot .. E rivets sheared 214·9 3.36* 3.02 
~Bolted) 3/4 762 Top W rivets sheared 3·55* 3.19 
Bolted) 3/4 811 E net section 3.77 
ED2 Laced Angles Drill 3/4 700 Bot. E rivets sheared 2l4.9 3.26* 2·93 
(Bolted) 3/4 625** Bot. E bolts sheared 2·91')(* 2.62 
~Welded) 774 Top W rivets sheared 3.60~ 3.24 
Welded) 796 E above weld 3·70 
EPI Laced Angles Punch 3/4 738 E net section 214.9 3.43 
EP2 Laced Angles Punch 3/4 733 E net section 214.9 3.41 
* 
Rivets sheared. 
** 
Common bolts usede 
*** 
Based on 18,000 psi in tension. 
*"***" t ft· h Ul to Load Fac or 0 Safe Y III Sear = R' t Ax 13 500 . lve ea x i PSl 
TABLE 5 (Contt.) 
E f f i c i e n c i e s Ratio Predicted 
Test, Based Mod. Rel .. Gage Eq .. to Test Efficiency 
on Avg. Ult. J AREA. AREA Based on I\.vg. (5) Mod. Rel. Eq. 
Spec. cent. Coup. Red., Cento Coup~ AREA AJ.ID\ Gage (5) 
(1) (10) (11) (12) (13 ) (14) (15) (16) (17) (18) 
AID. 64.89* 73.62 75058 79092 71.06 1.135 ' 1.165 1.229 1.095 
69.38 I ~ 1.061 1.089 1.150 1.024 
AD2 69.85* 73.62 75058 79.84 71.06 1.054 1.082 1.142 1.017 
BDl '{1.85 75·35 77·01 80.45 72.12 1.049 1.072 1.113 1.004 
BD2 ~r2.;52. 75 .. 35 77·01 79080 72.12 1.039 1.062 1.103 0.994 
BPI 65.80 75·35 77·01 68.72 72.12 1.145 1.170 1.045 1.096 
BP2 65.52 75035 77.01 69.07 72.l2 1 .. 150 1.175 1.050 1.101 
CDl 72.37 80.35 81.64 81030 75·22 1.110 1.128 1.123 1.039 
CD2 75.17 80.35 81.64 81.30 75022 1.069 1.086 1.081 1.001 
DDl 63 .. 88 62.94 65038 68.93 64.42 0.985 1.023 1.074 1.008 
DD2 64.52 62.94 65.38 68,,79 64 .. 42 0.976 ·1.013 1.063 0 .. 998 
DPl 63.61 62.94 65.38 59.41 64.42 0.989 1.028 0.931 1.013 
DP2 64.~2 62094 65 .. 38 fi90U 64042 0.977 1.015 0.,919 1.000 
EDl '76.35* 82.69 83.93 85000 76 .. 69 1.083 1.099 1.111 1.004 
130058* 1.026 1.042 1.053 0·952 
135.76 0.964 0 .. 979 0.990 0.,894 
ED2 '74.14* 82 .. 69 83093 84 .. 91 76.69 1 .. 115 1.132 1 .. 145 1.034 
66 .. 19* 10249 1.268 1.282 1.159 
B1.97* 1.009 1.024 1.035 0.936 
84.30 0·981 0·995 1.007 0·910 
EP1 '77.35 82.69 83·93 73.27 76.69 1.069 1.085 0.946 0·991 0\ 
EP2 77 .. 51 82.69 83.93 73027 76.69 1.067 1.083 0.9~4 0·989 -l 
* 'Fasteners sheared .. 
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TAJ3LE 6 
APPROXIMATE MAXIMUM NOmNAL SHEAR ON RIVEI'S 
Spec i- ~ o:f Est. Shear M9.ximum Rivet 
men Load M9.x. Load Area, Nominal Unit Size, 
in on Gusset, One Shear, in. 
Gusset 1000 lb. Gusset, psi 
sq. in. 
AD1 52 601 15.46 38,900* 3/4 
AD2 50 595 15.46 38,500* 3/4 
BD1 52 259 7.21 35,900 7/8 
BD2 56 280 7.2l 38,800 7/8 
BP1 54 249 7.21 34,500 7/8 
BP2 51 234 7·21 32,500 7/8 
em 52 453 12.02 37,700 7/8· 
CD2 51 459 12.02 38,200 7/8 
Dill 50 225 6.01 37,400 7/8 
DD2 50 222 6.01 36,900 7/8 
DP1 52 228 6001 37,900 7/8 
DP2 52 233 6.01 38,800 7/8 
EDl 53 383 8.33 46,000* 3/4 
ED2 51 357 8.33 42,900* 3/4 
EP1 54 399 8.33 47,900 3/4 
EP2 51 374 8.33 44,900 3/4 
* Rivets failed. 
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FIG. 4 FABRICATION AND INSTRUMENTATION FOR TYPE D SPECIMENS 
,I 
~l 
:I 
ClO 
-(\I 
iD 
=(\1 
b 
-:.!... 
:I 
o 
_I 
CD 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
I 
2t" 
BATTEN 
PLATE 
16x l x II..!. 2 2 
':1'" 
NOTE: ALL RIVETS t"; HOLES IN EDI 8 ED2 DRILLED a"; 
HOLES IN EPI a EP 2 PUNCHED ~ II 
EDt a EPt SOUTH 
ED2 a EP2 NORTH 
WEST 
EAST 
~" Ill!' 
j. 11-4"9'. ~II I 
NORTH 
SOUTH 
~ 
.J.. 
.M I =en 
':1 I 
CD -~ CD 
':IN 
~ 
--
";tt 
N 
~ 
1
1
-21" 
EAST 
WEST 
I TYPE A-I SR- 4 STRAIN GAGES @ SLIP AND DEFORMATION DIALS 
FIG. 5 FABRICATION AND INSTRUMENTATION FOR TYPE E SPECIMENS 
·0 
.1 
~ 
1 
--
II iN 
<.t 
(P) 
• s 
co m 
1 I 
N 'CD 
~ 
'" ·0 
.1 
FIG. 6 SPECIMEN (ED 2) IN 3,000,000 LB. 
TESTING MACHINE 
. . ,",::,~'... . 
" 'j 
'; .... 
API . 
1235.#(· 
..... :.. Y. 1-
-s .,-~:_-.:.\ 3 ~ittL 
i. 7 EAST GUSSET AFTER RUPTURE, 
SPECIMEN AD I 
FIG. 9 BOTTOM EAST JOINT AFTER 
FAILURE OF AD 2 
\ 
.~ . 
. :....-
FIG. 8 WEST GUSSET AFTER RUPTURE, 
SPECIMEN AD I 
FIG. 10 TYPICAL LODER1S PATTERNS ON 
GUSSETS OF TYPE A SPECIMENS 
II FIRST LODER'S BANDS, SHOWING 
ORIGINATING RIVETS, BO 2 
FIG. 13 EXTENT OF YIELDING AT 
475,000 LB., EAST SIDE, SO 2 
I 
t1 
j 
~ . ; .J 
.) 
.)...-J 
J 
~ 
~ 
FIG. 12 EXTENT OF YIELDING AT 
410,000 LB., EAST SIDE, SO 2 
FIG. 14 EXTENT OF YIELDING AND 
FRACTURE, SPECIMEN 80 2 
G.15 SECONDARY FAILURE AT CENTER 
LACING RIVETt BP I 
FIG.17 LOCATIONS OF RUPTURES, 
SPECIMEN BP 2 
FIG. 16 LOCATION OF RUPTURE, 
SPECIMEN SO I 
FIG. IS NET SECTiON FAiLURE, SOUTHEAST 
ANGLE, SPECIMEN CD I 
IG. 19 PRIMARY FAILURE, SOUTHWEST 
ANGLE, SPECIMEN DO I 
FIG.20 PRIMARY FAILURE, NORTHWEST 
ANGLE, SPECIMEN DO I 
FIG. 21 RUPTURE, NORTHEAST ANGLE, 
SPECIMEN ED I 
L~-~::~:~ ED2' NW 1~"._!,~4: £;.JL ... .&..a.JL ,I. a .a" -
~,~ l~ 
1z~;~~w -11,llldllltl' 
0' , ~.- _ 
t -I' . }-II'I)' ..... ". ED2 SW .~" ,,:,~·~::'l::~:.;;:>~J· '::;:l'A;J', -- .~--- •. ~:';.~;; ~~.:~: ~~."~;L~.~ b2.' )C. t; ~~,C.~ . . ,.I~~~, ,.~i:J~- i#, ;.~~ . .,:. ,.:~:I·n<\ • r , . "-'" . . ' .-
. " 
ROW 2 3 4 5 6 7 8 9 10 
FIG.22 FASTENERS REMOVED FROM THE 
UNFRACTURED JOINTS OF ED 2 
FIG. 23 PRIMARY FAILURE OF 
SOUTHEAST ANGLE, EP I 
60 ~-~----~----~----~----~--~~--~----~----._--_, 
50 1------+---+---+---4---~-~----_+---_+_---_+_-~ 
z 
FIRST FAILURE -SHEARED BOTTOhi4 EAST RIVETS I,I~~,OOO - 1200 
---- --- --- --- --- --- ---- ---- ---=-- --- 1100 o 40 
CJ) 
!' :> ~ -
A C> • ~ :3 0 I------+----i-----+----+--/~ 1.('~4~1~ •. -.. ----+---+---+----+----1 
«  
o TOP WEST _____ ~ ~ ~V- TOP EAST 
9 20 1--_---+ __ -+, __ -+-_------:'4"'[_ .........,~--+_+<;.--_---t-:.e; ,..---+! ---If__-_+--~ 
-
-
-
-
I[ f ~ ~ ~ I I 
BOTTOr.4 WESTt----j ~ ~ .,....--BOTTO ... 
! I ~ A b ~ 10 I---~I---+---+--~\~-~L-~~j~-+-~-+---f----+--~ /~ (, 
~.,., '. 
o L-_~ ___ ~ _____ ~~~_--_-_-_--~~_-_-~-~~-~~~~~~~~--_-~---_-_-_--_~~~ ____ ~ ____ ~ __ ~ 
-
-
-
-
-
EAST 
1000 
900 
800 
700 
600 
!SO 0 
400 
300 
200 
100 
0 
o 10 :20 30 40 ~O 60 70 80 iO 100 
60 
50 
z 
d 40 
CJ) 
cD 
.J :3 0 
o 
o 
~ 20 
10 
o 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN ADI (FIRST LOADING) 
FAILURE - SHEARED RIVETS, TORE WEB AT BOTTO,.. EAST 1,190,000 
~--'---1---1------ --- _.- --- ------- ~200 
1100 
o 10 
FJ G. 24 
~ 
I ~ 
TOP WEST-~: .~ -TOP EAST ! I 
I [ I 
BOTTOM WEST- ~. ~ t- BOTTO M EAST r-----.J r ! I 
I < ~ I 
20 30 40 50 60 70 80 90 
PER CENT OF TOTAL LOAD IN PU LL PLATE S 
SPECIMEN AD2 
LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE A SPECIMENS 
-
1000 
-
900 
-
800 
-
700 
-
600 
-
500 
-
400 
-
300 
-
200 
-
100 
0 
100 
z 
w 
~ 
u 
w 
a.. 
en 
CD 
Z 
.J 
0 
a 
0 0 
~ 0 
0 
.J 
.J 
~ 
~ 
0 
~ 
z 
w 
~ 
U 
w 
Cl.. 
CJ) 
CD 
Z 
.J 
0 
0 0 
~ 0 
0 0 
.J 
.J 
<l: 
.... 
0 
t-
60 
<l: 
lJJ 
a:: Z 
<l: ~O lAJ 
~ 
en z FAILURE AT CENTER LACING RIVET, EAST SIDE 498,000 u en ==p------------------------------ 500 0 lAJ 
a:: 040 a.. 
(!) en CI) 
z ........ 400 cD 
0 III Z ....J 
...J 30 0 
0 en 0 300 0 0 CJ) 
W 0 TOP WEST <t 0 
a:: 0 0 
.--
20 ...J 
CJ) 200 
BOTTOM ...J w WEST ~ (!) f-
<l: 10 0 a::: 100 I-W 
~ 
0 0 
0 10 20 30 40 50 60 70 80 90 100 
PER -CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN BOI 
<l: 60 
lJJ 
a: 
« 
~O z 
CJ) LtJ 
CJ) z FAILURE ~ 0 500 
a: c..> 
(!) 040 LLJ 
en a.. 
z ...... 400 en 0 
CD z m 
...J 
en ....J 30 0 
CJ) 0 300 0 I.LJ TOP WEST 0 a: 0 <! 0 
~ ~ 20 0 0 CJ) 
-' 
• 200 w BOTTOM WEST I 
-' (!) 
<! 
<! 10 f-a::: 100 0 
W I-
> 
« 
0 0 
0 10 20 30 40 ~O 60 70 80 90 100 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN B02 
FIG. 25 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE B DRILLED SPECIMENS 
<t 
UJ 
a: 
<t 
en 
en 
o 
a: 
(!) 
z 
o 
60~--~---~----~---~--~--~----~----~----~--_. 
50~--~---_+---__+__--+_---~-_4---_+----~----+_--~ 
z . 
- FAILURE AT TOP LACING RIVET, WEST SIDE 
d 40 -----------------------------
en I 
...... 
462,000 
ai 
en ...J 30 1------+-----+-------1----
en 0 ! ~ 0 TOP TOP EAST 
Z 
LU 
2: 
500 (.) 
l&J 
0.. 
en 
400 
300 
fXi 
z ~ 
o 
o 
o 0 
ct 0 
o t-~201__-__+--_i_--__+__-......;.__+_.:::::....,1_+__'~__+_+_-_+_--_+_--+_-___1 
en ~ 200 
w 
(!) 
<t 
a: 
~ 
~ 
BOTTOM WEST----l 
10~-~----~1---~-~~+_~-~~_4~-_+--4_---+_-~ 
I 
ct 
t-
100 ~ 
W 
~ 
BOTTOM EAST 
O~ __ ~ ___ ~ ____ _L __ ~ ___ ~ __ ~ ____ ~ ____ ~ ____ ~ __ ~ 0 
o 10 20 30 40 50 60 70 80 90 100 
PER CENT OF TOTAL LOAD I N PULL PLATES 
SPECIMEN BPI 
ct 60~--~----~----~----~----~--~----~----~----~--~ 
UJ 
a: 
4: 
en 50~-~--~---.~--+_--~--_4--_+---4_--+_-~ 
en Z 
o 
a:: 
(!) 0 40 en 
FAILURE AT TOP & BOTTOM LACING RIVET, EAST SIDE 458,000 
- ------------------------------------
1 
z 
w 
:e 
500 (.) 
LU 
0.. 
~ ....... 400 rJ) ai 
m Z~ 
en ...J 3 0 f------f--_+---+----+_- T.--'-_'<\ --+----+------+-----+---_-1 0 
en 300 0 ~O 00 
a:: 0 <to 
r- 220 0 
en ~ 
w 
(!) 
4: 
a::: 
W 
> 4: 
EAST 
10~-~--~--~---~~-~+-~----+----4---+--~ 
200 
~ 
ct 
t-
100 0 
t-
o ~--~----~--~ ____ ~ ___ ~ __ ~ ___ ~ ____ ~ ____ ~ __ ~O 
o 10 20 30 40 50 60 70 80 90 100 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN BP2 
FIG. 26 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE B PUNCHED SPECIMENS 
<t 
W 
a: 
<t 
(/) 
(/) 
0 
$ 
Z 
0 
(f) 
(/) 
w 
a: 
..... 
(/) 
W 
(,!) 
4 
0:: 
W 
> 
<t 
<t 
W 
a: 
4 
Z 
d 
C/) 
....... 
CD 
....J 
a 
a 
a 
60 
~O -
000 
FAILURE AT NET SECTION, BOTTOM EAST 872,000 
-
900 
40 
-----------------~i1.----------------~ 
800 
30 
20 
10 
0 
9 .~ 
-)~ I~ •• 
-
~ ~ 
TOP WEST _____ ' ? ~L___TOP EAST -
I +~,.~-~. I I 
I : ~ I I 
BOTTOM WEST-i--'
A
,,/ j ~ ~~BOTTOM EAST -
I 't:=~ I~ 1 ' , I ,'.-
I .... '~ __ ~ 
-I ' -' 
I I ~ 
700 
600 
500 
400 
300 
200 
100 
0 
o 10 20 30 40 50 60 70 80 90 100 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN COl 
60 ~-~---~---~-~----~----~----~--~----~--~ 
1000 ~O~_~ (/) I FAILURE AT NET SECTION, TOP WEST 902,000 (/) Z -----------------_____________________ 900 
~ g ~ ~_-+l __ ~ ____ r-__ ~ __ __ 800 
Z ....... 
o 
CD 
700 
(/) ...J 3 0 ~---+----+-----f---+---,"" --+-----+-----1---+---.-...:~ 600 
(/) 0 
W 0 
a: 
t;; ~ 2 0 ~---+---+----+-------fr- ----+-___ -I--__ ~--_+---~ <400 
W 
C!) 
4 
a:: 
W 
~ 
.300 
I 0 ~-___+---_+_---+_--- __ -+-____ +--_--+ ___ ...... 200 
100 
o ~ __ ~ ____ ~ ____ ~_~ ___ ~ ___ ~ ____ ~ __ ~ ____ ~ __ ~ 0 
o 10 20 30 40 50 60 70 80 90 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN C02 
FIG. 27 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE C SPECIM ENS 
100 
Z 
LIJ 
~ 
t) 
lJJ 
Q.. 
C/) 
CD 
Z ....J 
a 
0 
0 0 
4 a 
0 
....J 
....J 
c( 
f-
0 
f-
z 
w 
~ 
t) 
W 
Q.. 
C/) 
z ai 
...J 
0 
0 0 
« 0 
0 0 
....J 
....J 
c( 
f-
a 
f-
z 
d 
en 
" 
a:i 
..J 
o 
o 
o 
60 
50 
-
FAIL! RE AT NET SECTION, TOP WEST 4~0 000 40 
- - - - l - - - -t--
-
30 ~f-TOP WEST -TOP EAST 
20 I ~ • I I 
I ~fJ;}'-r- I I -BOTTOM WEST ____ V-- BOTTON EAST 
10 
i 
-·~,:gll-. -
, , 
....... 
0 , 
o 10 20 30 40 ~ 60 70 80' 90 100 
PER CENT OF TOTA L LOAD IN PULL PLATES 
SPECIMEN 001 
60~----~------~--------~--__ ~--~--------~------~----~----~-----~ ! 
50~---+----~----+---~-----+----4-----~--~----_r--~ 
Z 
lLJ 
.~ 
5 00 (..) 
40 
30 
W 
a.. 
CJ') 
a:i 
z -l 
o 
0 
o 
o CI 0 
<t 0 
o 
-l 
20 o 
10 
0 
Z I 
- ~OO 0 ~ 40 FAILURE AT NET SECTION, BOTTOM EAST 444,000 ---I ~ 
; 30 --- ---1--- ---I~-·~~: ._._.- ------------= en 
5 TOP ~EST- )\ >-TOP EAST -~ 20 I ~ ~ I 
400 
z 
0 
300 0 
<{ 
0 
..J 
I • , \ ~ I -
BOTTOM WEST_N ~ ~I-- BOTTO M EAST 
10~ __ -+ ____ ~! ----~1----_H~'4--+--1~ ..~--~+_--~----_r--~ 
I I ~ ,,!,+. -
I: ' 
I II ..... ----- ---....,. O~ __ ~ _______ ~i __ ~i __ -_-_-_-~-_--_-_-_-~~-_--_-_-~-~-_--_:_·~ ____ ~ ____ ~ __ ~ 
o 10 20 30 40 ~O 60 70 80 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN 002 
90 
FIG_ 28 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE D DRILLED SPECIMENS 
100 
200 
..J 
<{ 
I-
100 0 
Jo-
0 
al 
..J 
0 
0 
0 
60~ __ ~----~----~----~--~----,-----~ __ ~----~----. 
50,-----+----~----+_----~--_+----4_----~--_4----_r--~ 
!z 
d 40I--__ __+_ FAILURE AT NET SECTION, BOTTOM EAST 
en 
439,000 -i------l 
_. __ . __ .
~ 30 
o 
o 
~ 20 I------+-----+---___ -___+_-
101---~----~----+_----~~_+~~~----~--_4----~--~ 
OL-__ ~ ____ ~ ____ ~ ____ L_ __ ~ ____ ~ ____ L_ __ ~ ____ ~ __ ~ 
° 
10 2 ° 3 ° 40 ro 6 ° 10 8 ° 9 ° 100 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN DPI 
60~--__ ----~----~----~--~----~----~--~----~--~ 
50~--__ ----__ ----~----~~_+----~----~--~----~--~ 
~ 40 _._;~!.':..'!..~~~~~.~I~~~iBO~TOM.~~ST _~~9,0~~_. 
aj; ¥ '. 
500 
400 
300 
200 
100 
o 
500 
400 
~ 30~---------------~--t \--4--~~---+---+--~ 
o ~ • ~O 
o TOP WEST ~' , 
~ 20~------____ ----------~~_+~~~----~--_4----~--~ 
200 
BOTTOM 
101----~--------------~~~~~--~----~--~----~--__4 100 
OL-______________ ~ ____ L_ __ ~ ____ ~ ____ L_ __ ~ ____ ~ __ ~ 0 
o 10 20 30 40 50 60 70 80 
PER CENT OF TOTAL LOAD IN PU LL PLATES 
SPECIMEN DP2 
90 
RG. 29 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE D PUNCHED SPECIMENS 
100 
z 
UJ 
~ 
0 
UJ 
C4 
(f) 
ai 
z -l 
0 
0 
0 0 
<t 0 0 
~ 
~ 
<t 
t-
O 
I--
z 
UJ 
~ 
0 
LLJ 
C4 
(f) 
cD 
Z -l 
0 
0 
0 0 
<t 0 0 
~ 
~ 
<t 
I--
0 
..... 
« 60 ~-~--~--~-~--~---~--~-~---__ -~ 
W 
a:: 
« 
800 
722,000 Z 
C/) ~O ------ --- ---- ---- ---- -- --- --- -- 700 W 
C/) ~ 
FIRST FAILURE -SHEARED BOTTOM EAST RIVETS 
o Z 0 
~ 0 40 600 W ~ r---_+----~----r_--~--_+~~-4_----~--_+----~--~ ~ 
C/) 
Z '- 5:)0 a:i 
o Z ...J 
CD 
C/) -I '3 0 t----+------t-----t-------t~__\__+__+____..._+_----t__--_+---_+_-~ 0 0 
C/) 0 400 0 0 
W 0 TOP EAST - TOP WEST « 0 ~ ~ 20 I 300 9 
C/) 
w 
t!) 
« 
0::: 
W 
~ 
« 
w 
0::: 
« 
o 
BOTTOM WEST OTTOM EAST 
10 20 30 40 ~o 60 70 80 90 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN EDI (FIRST LOADING) 
100 
...J 
200 « 
t-
o 
100 I-
o 
800 
~O FIRST FAILURE - SHEARED BOTTOM EAST RIVETS 700,000 Z 
en ---1-------------- -------------- 700 lLJ 
en Z ~ 
o 
0::: 0 600 0 
(.!) 4 0 '-----+-----+----+-----4--~---_+_---l__-_+--__+_-____l lLJ ~ I ~ 
Z '- en 
o ~oo ai 
CD z ...J 
C/) --.J :3 0 t-----+-----t---+----j--~--._+_--+__-_+--_+_-__I o 
C/) 0 ~O 
~ 0 TOP EAST o TOP WEST 
..... 0 20 en r--~----~----+--~---
w 
(.!) 
« 
a:: 
w 
> 
« 
BOTTOM WEST BOTTO~ EAST 
10r---+---~--~---~--
o 10 20 30 40 50 60 70 80 90 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN ED2 (FIRST LOADING) 
FIG. 30 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE E DRILLED SPECIMENS 
100 
o 0 
« 0 300 0 
...J 
200 ...J 
« 
t-
o 
100 .... 
o 
60 
~ 
w 
0::: 
~ 
~O 
en 
en z 0 
0::: ci 40 (!) 
en 
z 
"-0 
ai 30 
-.oJ en 
en 0 W 0 0::: 
t- o 20 en 
W 
(!) 
~ 
o::: 10 
LaJ 
> 
<{ 
0 
60 
~ 
W 
0::: 
~ 
50 
en 
Z en 
0 
0::: 0 (!) en 40 
Z "-
0 
ai 
en -.oJ 30 
en 0 W 
0::: 0 
t- o 20 en 
w 
(!) 
~ 10 0:: 
W 
> ~ 
0 
FAILURE AT NET SECTION, BOTTOM EAST 738,000 
-- --- ---------------------- --
! 
,i 
~ 
TOP WEST 
BOTTOM WEST 
I 
.,.." 
--%1-
0 10 20 30 40 50 60 70 80 90 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN EPI 
FAILURE AT NET SECTION, BOTTOM EAST 733,000 
EAST 
0 10 20 30 40 50 60 70 80 90 
PER CENT OF TOTAL LOAD IN PULL PLATES 
SPECIMEN EP2 
FIG. 31 LOAD DISTRIBUTION TO PULL PLATES 
FOR TYPE E PUNCHED SPECIMENS 
800 
Z 
700 l&J ~ 
(.) 
600 l&J 
~ 
en 
500 m 
z -.oJ 
0 
400 0 0 0 
~ 0 0 300 
-.oJ 
-.oJ 
200 ~ 
t-
0 
100 ..... 
0 
100 
800 
Z 700 l&J 
~ 
600 (.) UJ 
~ 
en 
500 m z 
-.oJ 0 
400 0 0 
<t 0 
300 0 0 
-.oJ 
200 -.oJ 
~ 
0 
100 ..... 
0 
100 
<{ 
W 
0:: 
<{ 
en 
en 
0 
0:: 
(!) 
Z 
0 
en 
en 
W 
0:: 
~ 
en 
w 
(!) 
<{ 
0:: 
W 
> 
<{ 
<{ 
W 
0:: 
<t 
en 
en 
0 
0:: 
(!) 
Z 
0 
en 
CJ) 
W 
0:: 
~ 
CJ) 
W 
(!) 
<t 
0::: 
W 
> 
<t 
60 
~O 
~ 40 
0 
en 
~ 30 
CD 
.....J 
0 
o 20 
0 
10 
0 
-:-2~ 
60 
~O 
z 
- 40 
0 
en 
"'-
a:i 30 
-.J 
0 
o 20 
0 
10 ~ 
0 
-25 
BD2 
.~ B<: ~ BP2 BDI r.. {l '. V • t / 
I 
~\ \1 f/ i 
~ It' ULTIMATE LOADS ARE f LISTED BELOW I 
-20 -15 -10 -5 o +5 
COMPRESSION 
j..-J THEORETICAL 
, 
+10 +I~ +20 
TENSION 
-
600 
-
500 
-
400 
-
300 
-
200 
-
100 
o 
+25 
AVERAGE STRESS IN TOP LACING BAR, 1000 LB./SQ. IN. 
-
600 
I 
500 B02 Ik--
----
-
~ 
400 
BP2 tt \ -"PI riDI -
,"\ ' .. 
I li V{ V V - 300 
200 /j; Vj ULTIt.4ATE LOADS\ ~". -BDI 498,000 LB. I / 
100 
0 
BD2 500,000 ~ .. -BPI 462,000 
BP2 458,000 ( 
-20 -15 -10 -5 o +10 +15 +20 +25 
COMPRESSION TENSION 
AVERAGE STRESS IN SECOND LACING BAR, 1000 LB./SQ. IN. 
FIG. 32 AVERAGE STRESS IN LACING BARS 
FOR TYP'E B SPECIMENS 
Z 
W 
~ 
U 
W 
a... 
en 
CD 
Z -I 
0 
0 
Q 0 
<{ 0 
0 
.....J 
.....J 
<{ 
~ 
0 
~ 
Z 
W 
~ 
u 
w 
a... 
en 
CD 
Z .....J 
0 
Q 0 
<t 0 
0 0 
~ 
~ 
<{ 
~ 
0 
~ 
60 
z 
- 40 
o 
en 
':- 30 
CD 
-1 
o 
o 20 
o 
10 
o 
ULTIMATE LOADS ARE 
LISTED BELOW 
I 
-
600 
-
~O 
001 ,{ 002 
oPI -,'1' .'.A:J~ THEORETICAL - 400 
'.~ ~j ~ -~ ;/~ 300 
t~ ~ -
r I 
200 
~V - 100 
0 
-25 -20 -15 -10 -5 o +5 +10 +15 +20 +25 
Z 
ci 
U) 
......... 
CD 
....J 
0 
0 
0 
60 
50 
40 
30 
20 
10 i-
0 
-25 
COMPRESSION TENSION 
AVERAGE ,STRESS IN TOP LACING BAR, 1000 LB./SQ. IN. 
OP21 
002 
\( 001 ·OPI ~A 
It \ /; ~ i \ ~ ) 
~ l// ULTIMATE LOADS: ~ 001 4~0,000 LB. 
002 444,000 .~. DPI 439,000 
DP2 449,000 
-20 -15 -10 -5 
COMPRESSION 
o +5 
-
-
-
-
-
-
+10 +15 +20 +25 
TENSION 
AVERAGE STRESS IN SECOND LACING BAR, 1000 LB./SQ. IN. 
FIG. 33 AVERAGE STRESS IN LACING BARS 
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FIG. 34 AVERAGE STRESS IN LACING BARS 
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